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T cell receptor (TCR) diversity underpins cellular immunity. 
While αβ TCRs have been extensively studied in the context 
of major histocompatibility complex (MHC)-restricted antigen 
recognition, the γδ TCR system remains underexplored. 
Unlike their αβ counterparts, γδ TCRs display versatile, often 
MHC-independent recognition modes, engaging diverse li-
gands ranging from butyrophilins (BTNs) and other disparate 
molecules. Recent advances in cryo-electron microscopy 
(cryo-EM) paired with crystallographic data have illuminated 
critical aspects of γδ TCR -ligand interactions, the CD3 com-
plex architecture, and the inherent flexibility underpinning their 
varied recognition modes. In this review, we compare the 
classical αβ TCR-MHC paradigm against the backdrop of 
emerging γδ TCR structures, highlighting the latest cryo-EM 

findings and their implications for immunobiology.
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Introduction
The human adaptive immune system, comprised of B, 
αβ, and γδ T cells is defined by their expression of so-

matically recombined cellular surface receptors that 
afford protection against diverse pathogens. αβ and γδ T 
cells, which provide cellular immunity, are defined by 
the T cell receptor (TCR) that they express, αβ TCRs 
and γδ TCRs, respectively [1]. Antigen recognition by

TCRs serves to regulate T cell activation and their 
participation within the immune response. T cells, upon 
recognition of their cognate ligand, can perform diverse 
effector functions that include the direct lysis infected 
or cancerous cells, and cytokine production, driving the 
recruitment of other immune cells to resolve the 
immune challenge.

In concert with cellular immunology, structural-based 
techniques have afforded fundamental insights into the 
mechanisms underpinning αβ TCR and activation. 
However, our understanding of γδ TCR binding is less 
clear than that of their αβ TCR counterparts. Recent 
work highlighted here, specifically utilizing cryo-

electron microscopy (cryo-EM), has made major in-

roads toward understanding the principles of 
γδTCR recognition.

The aβ T cell receptor-major 
histocompatibility complex paradigm: a 
structural benchmark
A central tenet of conventional αβ T cell activation is the 
simultaneous recognition of the MHC and the presen-

ted peptide via the TCR [2]. Recognition models, 
unearthed via decades of crystallographic studies, depict 
a conserved docking of the αβ TCR atop the MHC-

peptide antigen complex. For example, the TCR α- 
chain and β-chains are positioned over α2 and α1-helices 
of MHC-I, respectively (Figure 1a). Changes to this 
canonical TCR docking polarity have been rarely 
observed, whereby the TCR docks atop peptide-MHC 
at a 180 ◦ orientation, termed ‘reverse docking’ 
(Figure 1b) [3]. This altered docking topology perturbs 
cellular activation due to spatial changes that preventing 
co-receptor engagement and subsequent recruitment of 
cellular kinases; and, this altered signaling profile in-

hibits the recruitment of ‘reverse docking’ TCRs into 
the functional immune response [3]. This stringency 
depicts αβ TCR canonical docking as a key regulator of 
T cell activation, yet this governing principle seemingly 
does not extend to γδ TCRs.

gδ T cell receptors: Unconventional 
recognition by Vδ2 - cells
Since their identification, γδ TCRs have been postu-

lated to employ antigen recognition strategies distinct 
from αβ TCRs as a consequence of their elongated
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CDR3δ loops being reminiscent of immunoglobulins 
[4]. Hindering our understanding has been a lack of 
bona fide γδ T cell antigens, although confirmed ligands 
have been noted for their diversity and include stress-

induced ligands, MHC-I-like molecules, soluble anti-

gens, and recently, haptens [5]. The γδ T cell ligands 
have been reviewed in Refs. [6,7].

Given the diversity and complexity of γδ T cell ligands, 
γδ T cells are generally characterized by their variable 
(V) chain usage into Vδ2 + or Vδ2 - T cell subsets. Vδ1 + 

and Vδ3 + T cells have roles implicated in the response 
to cellular stress and tumor surveillance as well as pro-

tection from viruses [8—15]. These cells are predomi-

nantly located in peripheral tissue, enriched in the skin, 
gut, and lung [16,17].

X-ray crystallography has proven to be a powerful tool in 
illuminating how γδ TCRs bind to MHC-I-like ligands as 
occurs in conditions such as cellular stress. These studies 
have revealed two distinct recognition modalities, ligand-

interactive or ligand-independent (Figure 1c and d). Two

CD1d-restricted and one human leukocyte antigen 
(HLA)-restricted γδ TCRs have been determined to co-

interact with the presented lipid and peptide antigen, 
respectively, reminiscent of αβ TCR-ligand interactions 
[18—20]. In contrast, other ligated γδ TCR structures to 
date do not invoke co-recognition and can employ antigen 
recognition strategies not yet identified in αβ T cells 
(Figure 1d) [21—24]. Although αβ TCRs that divert from 
the co-recognition paradigm have been identified, recog-

nizing the MHC-like ligands, CD1a and CD1c [7]. 
Additionally, we have recently demonstrated that both αβ 
and γδ T cells can recognize the soluble protein 
phycoerythin and that an αβ TCR can bind HLA-II in a 
peptide-independent manner, thereby blurring the 
boundaries of αβ and γδ TCR recognition [25,26]. The 
peptide-independent recognition of HLA-II by an αβ 
TCR was incapable of triggering cellular activation, 
whereas similar ligand-independent recognition by γδ 
TCRs display sustained triggering potential. Thus, αβ T 
cell activation requires stringent docking parameters, 
while γδ Τ cell activation appears lenient 
toward architectural differences.

Figure 1
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X-ray crystallography-determined TCR-ligand binding modalities. a. The canonical αβTCR-pMHC docking, represented by LC13 TCR in complex 
with HLAB8-EBV peptide complex (PDB: 1MI5). b. Reverse-polarity αβTCR-pMHC docking, represented by NP2-B17 in complex with H2Db-NP (PDB: 
5SWS). C. Ligand-interactive docking of γδ TCR toward MHC-I-like complexes (PDB: 4LHU, 4MNG, 6D7G). D. Unconventional docking of TCRs to 
MHC-I-like molecules (PDB: 6MWR, 1YPZ, 7RYO, 7LLI, 9EJG). Green arrow indicates proven T-cell activation, orange arrow indicates moderate T-cell 
activation, red ‘x’ indicates no signaling competency. TCR α/β and γ/δ chains are shown in light/dark variants of blue and green, respectively, MHC/ 
MHC-I-like molecules shown in light pink, β 2 M is shown in dark pink. HLA, human leukocyte antigen; MHC, major histocompatibility complex; TCR, T cell 
receptor.
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Structural insights into gδ T cell receptor-
butyrophilin recognition: From crystal to 
cryo-electron microscopy
Vγ9Vδ2 T cells are a unique subset of γδ T cells that 
recognize intracellular accumulation of phosphoantigens 
(pAgs), which arise from dysregulated isoprenoid meta-

bolism during infection or tumorigenesis [27,28]. Unlike 
other T cell subsets, Vδ2 + T cells do not rely on MHC or 
MHC-like antigen presentation; instead, pAg sensing is 
mediated by the butyrophilin family (Figure 2) (BTN3A1, 
BTN3A2/3, and BTN2A1) [29—31]. Vδ2 + Tcell activation 
by the butyrophilins (BTNs) is dependent on BTN2A1/ 
3A1 engaging pAgs via their intracellular B30.2 domain as 
BTN over-expression alone is insufficient for Vδ2 + acti-

vation (Figure 2c) [32]. In parallel, Karunakaran et al. 
showed that BTN2A1 recognition of the Vγ9 chain occurs 
independently of pAg binding, and proposed a composite 
ligand model in which the γδ TCR simultaneously engages 
BTN2A1 and an additional pAg-induced ligand in a CDR3-

dependent manner [33]. Earlier biophysical and 
biochemical studies demonstrated that pAg binding in-

duces conformational rearrangements within the BTN3A1 
B30.2 domain and the adjacent juxtamembrane (JM)

region, providing a mechanistic basis for signal transmission 
across the membrane [34—37]. Building on this founda-

tion, Karunakaran et al. further showed that the BTN3A 
JM region regulates both the trafficking and conforma-

tional organization of homomeric and heteromeric BTN 
complexes, thereby defining the topological requirements 
for productive Vγ9Vδ2 T cell activation [38]. Despite 
these advancements in our understanding of pAg-medi-

ated activation, the precise molecular details of this process 
remained elusive.

The first structural breakthrough of BTN-TCR 
engagement came from the crystal structure of a 
Vγ9Vδ2 TCR bound to the BTN2A1 IgV ectodomain 
(ECD) [39], which showed an unusual lateral binding 
mode where the BTN2A1 IgV domain primarily 
contacted germline-encoded regions of the Vγ9 chain 
rather than the hypervariable CDR3 loops that domi-

nate αβ TCR interactions (Figure 2b). Prior to this, 
Willcox et al. employed Nuclear Magnetic Resonance 
(NMR) spectroscopy and molecular modeling to 
demonstrate that BTN2A1 and BTN3A1 ectodomains 
can associate in cis, forming a distinctive W-shaped

Figure 2
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Structural basis of Vg9Vδ2 TCR recognition of BTN2A1 and BTN3A complexes triggered by phosphoantigen sensing. a. Structural overview of 
the Vγ9Vδ2 TCR bound to BTN2A1, BTN3A1, BTN3A2 complexes determined via cryo-EM (PDB ID: 9JQR). b. Crystal structure of Vγ9Vδ2-TCR clone 
G115 bound to the BTN2A1 IgV domain (PDB ID: 8DFW). c. Crystal structure of the B30.2 domains of BTN3A1 and 2A1 (PDB ID: 8HJT) d. Overview of 
Vγ9Vδ2 TCR recognizing pAg-BTN complexes. pAgs promote the assembly of BTN2A1 and BTN3A1/2 complexes. These assembled BTN complexes 
are recognized by Vγ9Vδ2 TCRs, which are accompanied by conformational changes within the BTN complex (PDB IDs:9J5J, 9JQR, 9JQQ). Vγ/Vδ are 
shown shades of light/dark green, BTN2A1 in yellow, BTN3A1/2 in pink and purple, respectively. TM denotes transmembrane domain, JM indicates 
juxtamembrane domain. BTNs, butyrophilins; EM, electron microscopy; TCR, T cell receptor.
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configuration that is incompatible with TCR engage-

ment [40]. This arrangement was subsequently 
corroborated by cryo-EM analyses, reinforcing the 
conclusion that dynamic reorganization of BTN com-

plexes is required to permit productive TCR binding.

Building on these findings, cryo-EM has recently 
demonstrated how intracellular phosphoantigen binding 
induces conformational changes in BTN3A1 that stabi-

lize the BTN2A1-BTN3A1 heterodimer [41]. Their 
structure revealed that pAg engagement induces an 
‘inside-out’ rearrangement of BTN3A1, stabilizing the 
BTN2A1-BTN3A1 heterodimer and promoting receptor 
dimerization (Figure 2d). This induced dimerization 
provides a mechanistic explanation for how intracellular 
metabolic signals can be translated into extracellular 
TCR recognition, a signaling strategy distinct from the 
fixed peptide—MHC display used by αβ T cells.

Further structural insights were provided [42], who used 
cryo-EM to resolve a multimeric BTN complex engaging 
Vγ9Vδ2 TCR. Their study uncovered a previously un-

appreciated 2:1 stoichiometry, where a single TCR 
bridges two BTN heterodimers in a ‘plier-like’ confor-

mation (Figure 2d). This arrangement implies that BTN 
clustering could serve not only as a ligand platform but 
also as a spatial regulatory mechanism for TCR activa-

tion, reminiscent of innate immune receptor arrays. The 
structure also captured key interactions involving both 
CDR3δ and germline-encoded framework regions, 
supporting the idea that γδ TCRs exploit multiple 
contact surfaces to recognize flexible BTN assemblies.

Distinct by design; T cell receptor-CD3 
architectures
Although γδ and αβ TCR differ in their protein se-

quences, both TCRs associate with the co-receptor 
CD3 molecules to form the TCR-CD3 signaling com-

plex [43—46]. Both full-length TCR heterodimers (α/β 
and γ/δ) present on the cell-surface accompanied by 
dimers of CD3 proteins CD3-εδ, CD3-εγ, and CD3-ζ 2 . 
The stoichiometry of such signaling complexes is 
equivalent in both human γδ and αβ T cells. Extensive 
structural characterization through complementary nu-

clear magnetic resonance and X-ray crystallography 
techniques has unearthed the structures of the CD3 
dimers [47—51]. Yet, until recently, questions persisted 
on the architecture of the TCR-CD3 complexes and if 
this architecture was maintained across TCR systems 
given the differences in TCR sequences, TCR ligand 
binding modes and the impact of these differences on 
TCR triggering.

In 2019, the first high-resolution structure of the long-

awaited fully assembled αβ TCR-CD3 complex was

resolved via cryo-EM to a global resolution of 3.7 A ˚ [52],

improved to 3.2 A ˚ in a subsequent study (Figure 3a) [53].

Extracellularly, the immunoglobulin-like domains of 
both CD3 heterodimers asymmetrically cup the constant 
domains of the TCRα and TCRβ chains (Figure 3a). This 
clasp-like architecture stabilizes the transmembrane α- 
helical core of the receptor complex. This tightly packed 
bundle of individual α-helices (one from each present 
chain) is held together by an intricate network of salt 
bridges from precisely positioned charged residues that 
drive complex formation [54]. Later structures incorpo-

rating pMHC revealed that the complex remains struc-

turally unaltered during antigen engagement (Figure 3a) 
[55,56]. Together, these structures reveal top-to-bottom 
conserved charged interactions resulting in a rigid and 
highly ordered αβ TCR-CD3 complex, which undergoes 
minimal structural rearrangement during ligand engage-

ment. Rather than relying on large-scale restructuring, 
the αβ TCR-CD3 complex appears optimized for stable 
assembly and to be an efficient signaler of TCR-anti-

gen recognition.

Five years after the resolution of the αβ TCR-CD3 
complex, a flurry of γδ TCR-CD3 complexes were re-

ported, marking a turning point in our understanding of 
these enigmatic receptors. Xin et al. reported a

3.4 A ˚ Vγ9Vδ2 TCR-CD3 complex and a Vγ5Vδ1 TCR-

CD3 receptor-obligate dimer [57]; Gully et al.

resolved a Vγ8Vδ3 TCR-CD3 complex to 3.01 A ˚, adding

further diversity to the structural repertoire [58]; and 
Hoque et al. confirmed the findings of Xin et al., 
reporting the very same TCR-CD3 architectural fea-

tures [59]. These studies solidified a very distinct 
paradigm for γδ TCR-CD3 receptors; unlike the rigid 
nature of αβ TCR-CD3 architecture, γδ T-cells exhibit 
inherent flexibility within their TCR extracellular do-

mains (Figure 3b). The highly ordered transmembrane 
helical bundle between TCR systems remains 
conserved, with key charged interacting residues being

maintained, alongside co-ordinated choles-

terol molecules.

In contrast with that of the αβ TCR-CD3, the clasp-like 
architecture of extracellular CD3 domains is surprisingly 
untethered to the ECD of either γ or δ chain (Figure 3b). 
In both Vγ9Vδ2 and Vγ8Vδ3 complexes, volume corre-

sponding to the TCR soluble domains could not be 
resolved with respect to other components of the com-

plex, meaning it does not adopt one single arrangement. 
Both Vγ5Vδ1 TCR-CD3 complexes revealed dimeriza-

tion mediated by Vγ5 domains, highlighting the struc-

tural plasticity of the fully assembled γδ T-cell receptor 
(Figure 3b). The spatial adaptability of the γδ TCR may 
be critical in conserving CD3 co-receptor association 
throughout versatile antigen engagement (Figure 3c), 
something that the locked architecture of the αβ TCR-

CD3 complex does not allow for. This adaptability clar-

ifies how TCR triggering and subsequent activation can 
be maintained across recognition of MHC-like family,
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B7-like family and other obscure antigens within the 
same membrane-bound complex (Figure 3c).

Conclusions
Recent examples of cryo-EM applied to the field of T-cell 
structural immunology have provided much-needed 
clarity surrounding perceived abnormalities of γδ T cell 
biology. The application of cryo-EM has marked a major 
methodological breakthrough in the study of γδ 
TCR—butyrophilin recognition. Unlike earlier crystallo-

graphic approaches limited to partial ectodomains, cryo-

EM has enabled the visualization of full-length BTN 
complexes in multivalent assemblies with the Vγ9Vδ2 
TCR. These findings are consistent with earlier NMR 
studies combined with modeling, which contributed to

defining the in cis BTN2A1—BTN3A1 IgV—IgV interac-

tion now considered to represent the physiological 
arrangement. Cryo-EM has further revealed the unex-

pected discovery of a 2:1 BTN:TCR stoichiometry and 2:2 
dynamic ‘plier-like’ conformations, offering unprece-

dented insight into the spatial organization of the immune 
synapse. Notably, the discrepancy between docking mo-

dality and immune activation of γδ and αβ T cell lineages 
is now better understood through the lens of contrasting 
TCR spatial constraints and architectural flexibility. By 
leveraging the strengths of cryo-EM in resolving mem-

brane protein complexes, these recent findings have 
broadened our knowledge toward fundamental mecha-

nistic understandings of γδ TCR recognition of antigen at 
the immune synapse. To our knowledge, no ligand

Figure 3

Structural plasticity of the gδTCR-CD3 complex allows for diverse triggering mechanisms. a. Rigid structure of the αβTCR-CD3 complex (PDB: 
7FJE) and αβTCR-CD3-pMHC complex (PDB: 7PHR). b. Structure of the γδTCR-CD3 complex, representative of both Vδ2 and Vδ3 structures, flexible 
TCR ECD domain is modeled (PDB: 9CIA), structure of the obligate Vγ5 γδTCR-CD3 dimer (PDB: 8JCB). c. Modeled immune synapse of diverse 
γδTCR-CD3-ligand recognition events (PDB: 9CI8, 7LLI, 6MWR, 7RYO, 8JCB, 4LHU, 9JQR, 9O62). MHC-I-like/PE-β molecules are shown in light pink, 
β 2 M/PE-α is shown in dark pink. TCR α/β and γ/δ chains are shown in light/dark variants of green and blue, respectively, CD3ε in yellow, CD3γ in light 
orange, CD3δ in light orange, and CD3ζ in red. BTN2A1 is shown in yellow, BTN3A1 and BTN3A2 are shown in pink and dark blue, respectively. BTNs, 
butyrophilins; ECD, ectodomain; MHC, major histocompatibility complex; TCR, T cell receptor.
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engaged γδ TCR-CD3 complex has been determined. It 
would be interesting whether a liganded γδ TCR-CD3 
complex undergoes a conformational change given the 
dynamic γδ TCR flexibility or if it mirrors the unaltered 
liganded αβ TCR-CD3 complex. Ultimately, these ad-

vances underscore the unique capacity of cryo-EM to 
resolve flexible, heterogeneous signaling transmembrane 
complexes that are often inaccessible to traditional 
structural techniques.
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