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ABSTRACT

T cells physically interrogate their targets using tiny membrane protrusions called microvilli, forming junctions ~400nm in di-
ameter and ~ 15nm deep, referred to as “close contacts”. These contacts, which are stabilized by the binding of the small adhesion
protein CD2 to its ligand, CD58 and locally exclude large proteins such as the phosphatase CD45, are the sites of antigen recogni-
tion by the T-cell receptor (TCR) and very early signaling by T cells. With our collaborators, we have characterized the molecular
structures of several of the key proteins mediating these early events: i.e., CD2 and its ligands, CD45, the af3- and y8-TCRs, and
the accessory proteins CD28, CTLA-4, and PD-1. Here, we review our structural work and the insights it offers into the early
events underpinning T-cell responsiveness that take place in the confined space of the close contact. We reflect on the crucial
roles that the structural organization and dimensions of these proteins are likely to have in determining the sequence of events
leading to antigen recognition at close contacts and consider the general implications of the structural work for explanations of
how immune receptor signaling is initiated.

1 | Introduction phosphatases (RPTPs), such as CD45, are sterically excluded

from sites of TCR/pMHC binding, preventing them from revers-

To perform their immune functions, T cells need to be highly
tactile [1, 2]. They protect us from infections and tumors by being
able to sense the physical presence, on prospective target cells,
of antigenic peptides bound to major histocompatibility complex
molecules (pMHC) using specialized structures, that is, T-cell
receptors (TCRs) [3, 4]. Encounters with pMHC result in TCR
phosphorylation, the first step in T-cell activation. Exactly how
the receptor becomes phosphorylated is uncertain [5, 6]. Our
proposal, known as the “kinetic-segregation” (KS) model [7, 8],
supposes that the net level of TCR phosphorylation by kinases,
such as Lck, increases when large receptor-type protein tyrosine

ing the constitutive phosphorylation of the receptor. Incipient
phosphorylation of the receptor is likely to be amplified by the
kinase-bearing co-receptors, CD4 and CD8 [9-11], allowing
recruitment and activation of the cytosolic kinase, ZAP70 (re-
viewed in [12]). ZAP70 phosphorylates the linker for activation
of T cells, which in turn forms two-dimensional condensates
controlling downstream signaling [13, 14]. TCR-derived signals
are integrated with those from “accessory” receptors, for exam-
ple, the costimulatory protein CD28, which amplifies TCR sig-
naling, and the immune checkpoints, CTLA-4 and PD-1, which
suppress it (reviewed in [15, 16]).
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FIGURE1 | Close contacts. (a) 'Second-generation’ glass-supported lipid bilayers present histidine-tagged, soluble forms of the ECDs of agonistic
and null' pMHC, the fluorescently-tagged ligand of CD2, that is, CD58, ICAM-1, and the two major glycocalyx elements of the antigen-presenting cell
surface, CD45 and CD43, via nickellated lipids. (b) T cells, labeled with fluorescent anti-CD45 antibody (blue), punch through the glycocalyx barrier
on the bilayer and form CD2-mediated close contacts marked by the local accumulation of CD58 (magenta) in 400 nm-wide puncta visible using total
internal reflection fluorescence (TIRF) microscopy (two such puncta are circled, left). The intensity line profile (right) showing the local exclusion
of CD45 at regions of CD58 accumulation, is taken along the line indicated by the white arrow. (c) Depictions of the structures and interactions of
proteins discussed in this review, prepared using the program Illustrate [21]; the TCR complexes were positioned using membrane coordinates from
the Orientations of Proteins in Membranes database [22] (using PDB: 7phr).

The modern view of the structure of the mammalian cell sur-
face is that it comprises two molecular layers [17, 18]. Adjacent
to the cell membrane, the first layer consists of “communication
devices” that is, receptors extending up to 20-30nm from the
cell surface that bind cognate ligands secreted by or expressed
on the surfaces of other cells. The communication devices of T
cells include, for example, the TCR, CD28, and PD-1. The second
layer, known as the “glycocalyx” is formed of dense arrays of
highly-expressed, negatively charged, and heavily-glycosylated
proteins and polysaccharides that extend beyond the first layer,
creating a physical barrier to cell contact [17]. The glycocalyx
of nucleated cells of hematopoietic origin is comprised of CD45
and the mucin-like glycoprotein, CD43 [19, 20].

We have studied how T cells overcome glycocalyx barriers, using
supported lipid bilayer-based models of the antigen-presenting
cell surface presenting the extracellular domains (ECDs) of
the glycocalyx elements CD43 and CD45, the ligands of small
(CD2) and large (LFA-1) adhesive proteins, that is, CD58 and
ICAM-1, respectively, and both null and model agonistic TCR
ligands (Figure 1a) [23]. We found that T cells use very narrow
surface protrusions called microvilli to ‘punch’ through glycoc-
alyx barriers, forming numerous tiny (400 nm-wide) “close con-
tacts” visualized via the accumulation of CD58 (Figure 1b) [23].

Because they are stabilized by the binding of CD2 to CD58 [23],
close contacts are likely ~15nm deep. Close contacts are sites
of antigen detection and signaling, as is indicated by their ac-
cumulation of agonistic pMHC and their recruitment of ZAP70
[23]. The first sign of productive signaling, occurring within sec-
onds, is that the cells spread on the bilayer, forming more close
contacts; in the absence of the TCR, just a few close contacts
form, and the cells do not spread. ICAM-1 is excluded from the
close contacts but is required during the spreading stage [23],
presumably when LFA-1 adopts a high-affinity conformation
[24]. If the contacts are made to be artificially large (i.e., > 1 um),
TCR discrimination is lost [23], as predicted by computational
models of T-cell signaling based on the KS model [25, 26]. Close
contacts are likely, therefore, to be sites of early decision-making
by T cells.

Working closely with structural biologists over many years,
we have characterized the molecular structures of key actors
in these early signaling events: that is, the small adhesion pro-
tein CD2 [27, 28] and its ligands CD58 [29] and CD48 [30], the
large phosphatase CD45 [31], af3- [32] and y8- [33] TCRs, and
the accessory proteins, CD28 [34] and CTLA-4 [35, 36] and
their ligand CD80 [37], and PD-1 [38]. This was made possi-
ble by first solving the ‘glycosylation problem’, which is that
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whereas the folding of glycoproteins is often glycosylation-
dependent (reviewed in [39]), the chemical and conforma-
tional heterogeneity of their N-glycans frequently inhibits
their crystallization (see, e.g., [40, 41]). We established several
methods for blocking N-glycan processing during the produc-
tion of glycoproteins in mammalian cells, allowing removal
of the glycans with endoglycosidases after the glycoproteins
are purified [42-44]. Here, we review our structural work and
consider how the detailed structures of these proteins contrib-
ute to antigen recognition and signaling by T cells in the con-
fined space of the close contact. The proteins considered here
are presented in the likely temporal order of their contribution
to antigen recognition. An overview of the structures is given
in Figure 1c. Early stages of this work have been reviewed pre-
viously [45, 46].

2 | CD2 and Its Ligands

CD2 belongs to a family of cell surface proteins forming a sub-
group of the immunoglobulin (Ig) superfamily [47]. Human CD2
and its ligand, CD58, were the first heterophilic cell adhesion
molecules to be identified [48, 49], and analyses of rat CD2/ligand
interactions using surface plasmon resonance-based technology
were the first to suggest that protein interactions at cell surfaces
would typically have very fast off-rates [50, 51]. Human CD2 is
expressed by T- and NK cells and, by binding to the broadly-
expressed CD58, contributes to antiviral responses, autoimmu-
nity, transplant rejection, and tumor immune evasion [52], likely
by setting cellular activation thresholds [53, 54]. In mice and rats,
CD2 binds a different but related protein, CD48 [55]. CD48 also
binds to a second related protein, CD244 [56], that triggers the
killing of CD48-expressing targets by NK cells [57].

21 | CD2

Rat soluble (s) CD2 was the test case demonstrating the utility of
N-glycan engineering for enhancing glycoprotein crystallization
[42], yielding the first structure of the ECD of a cell adhesion mol-
ecule [27]. The ECD comprises two domains with Ig superfamily
folds, as had been expected [58], connected by a highly conserved
“linker” [59] (Figure 2a). In the linker, the polypeptide continues
in an extended conformation for four residues beyond -strand G
of domain (d) 1 through to $-strand A of d2. In this way, it adds
~15A to the length of the protein and loosens its overall structure
versus an otherwise similar arrangement of N-terminal domains
in CD4 (Figure 2b). The linker positions the d1 GFCC'C” 3-sheet,
identified as the ligand-binding site by mutagenesis of human
CD2 [62-64], ~75 A above the cell surface, close-to-parallel with
the membrane, likely favoring head-to-head in trans interactions
as cell contact is initiated (Figure 2a). A conserved glycosylation
site at the base of d2 of CD2 (and likely CD58 [60]) may hold the
protein ‘upright’ at the cell surface. Substantial ‘hinge-bending’
resulting from small changes in main-chain torsion angles in the
linker could also favor binding [27].

A “head-to-head” contact in the crystals notable for being es-
pecially large (burying 650-690 A2/molecule), suggested a
plausible model of CD2/ligand interactions, comprising a com-
plex of ~15nm (Figure 2a,c). The ligand-binding d1 GFCC'C”

B-sheets of each of two copies of the rat CD2 ECD in the crys-
tal lattice formed the contact, which was seen again in crystals
of the human CD2 ECD despite their distinct space groups and
the substantial compositional differences of their GFCC'C” f3-
sheets [28]. The GFCC'C” 3-sheets of the two homologues are
unusual as sites of protein-protein recognition in being both flat
and highly charged (Figure 2d, upper). Alanine substitutions
and the effects of ionic strength on binding indicated that two
aromatics and one aliphatic residue in the GFCC'C” 3-sheet pro-
vide all the energy needed for CD2 to bind weakly to its ligands
(K,=60-90 uM [50]) and that eight charged or polar residues
confer specificity without compromising the low affinity [65].
This is because the favorable effects of charged-residue inter-
actions at protein interfaces are offset by the energetic costs of
de-solvating the charged residues [66]. For more typical protein
interactions, both specificity and affinity rely on the surface-
shape complementarity of relatively hydrophobic surfaces [67].

2.2 | The Ligands, CD58 and CD48

Structural analysis of the human and rat CD2 ligands, CD58 and
CD48, respectively, strengthened these arguments. The ligand-
binding domain of CD58, crystallized as a chimera with d2 of
rat CD2, was broadly similar to that of human CD2 [29]. It had
standard Ig superfamily V-set AGFCC'C”:DEB domain topol-
ogy, but the head-to-head lattice contact characteristic of the
CD2 ECD crystals [27, 28] was absent. The CD2-binding site of
CD58, comprised also of its d1 GFCC'C” 3-sheet [68, 69], had
surface depressions rather than being flat, resulting in it hav-
ing no shape complementarity with the binding site of CD2.
The AGFCC'C” 3-sheet was notably acidic, however (Figure 2d,
lower [29]), complementing the basic CD58-binding site of CD2.
Docking CD58 and CD2 in the head-to-head arrangement ob-
served in CD2 ECD crystals produced a high degree of electro-
static complementarity at the interface [29], leading us to predict
that this is how they interact, as was subsequently confirmed
when the actual structure of the CD2/CD58 complex was deter-
mined (Figure 2e) [60]. The structure of CD48 d1 [30] is similar
to that of d1 of CD58. It differs in that, although it is also highly
charged, the ligand-binding GFCC'C” $3-sheet of CD48 is much
flatter. Modeling the interactions of rat CD2 and CD48 required
a~7° rotation of CD48 and a ~3 A translation versus the arrange-
ment observed in the CD2/CD58 complex [60] to maximize elec-
trostatic complementarity [30]. Moreover, whereas human CD2/
CD58 binding must surmount a significant entropic barrier, the
rat CD2/CD48 interaction relies on equivalent, weak enthalpic
and entropic effects, revealing a degree of plasticity in the inter-
actions of CD2 with its ligands in the course of their evolution
[30]. The interaction of CD2 with CD58 is rigid-body in charac-
ter (Figure 2f). A model of the intact, glycosylated form of the
human CD2 ECD is shown in Figure 2g.!

3 | CD45

The RPTP CD45 is among the most highly expressed proteins
on the surfaces of T cells (i.e., > 100,000 molecules per cell and
>3 molecules per TCR) [20]. Since its catalytic efficiency is also
very high (10- to 1000-fold greater than that of relevant kinases
[70]), CD45 is very likely to constrain tyrosine phosphorylation
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FIGURE2 | CD2.(a) Ribbon and surface-rendered views of the rat CD2 ECD (rsCD2; PDB: 1hng) showing the Ig superfamily domain organiza-

tion of the protein (left), and the location of residues mediating the copy 1 head-to-head lattice contact expected to mimic CD2/ligand interactions
(red; right). (b) Domain 2 superposition of rsCD2 and human CD4d1d2 (PDB: 1cdh) showing the lengthening effect of the conserved linker region
of CD2. (c) The two versions of the head-to-head lattice contact observed for the two crystallographically independent copies of the CD2 ECD in the
rat sCD2 crystals. (d) The electrostatic potential calculated at neutral pH projected onto the ligand-binding surfaces of human (h) CD2 (PDB: 1hnf;
upper) and CD58 (PDB: 1ccz; lower). Blue corresponds to positive potential, white neutral, and red negative potential, contoured at +£10 kT/e. The di-
rections of the C strands of each domain are represented by the blue (CD2) and red (CD58) arrows (relative to CD2, the CD58 ligand-binding domain
is rotated 90° clockwise in the plane of the page). (¢) The structure of the CD2/CD58 d1 complex, predicted by superimposing the ligand-binding
domains of human CD2 and CD58 onto the head-to-head lattice contact observed in crystals of human sCD2, is shown alongside the actual structure
of the complex (PDB: 1qa9), determined subsequently [60]. (f) Structural differences between the CD58-complexed and apo forms of hCD2 d1 (top).
Thickness of the putty cartoon representation reflects the distance between equivalent Cot atoms following superposition of the structures. The apo
form of hCD2 d1 is shown; the model helix (lower) scales the differences. (g) Glycosylation of CD2. Fifty N-linked glycan conformers, depicted as
yellow sticks and corresponding to NeuNAc-Gal-(GlcNAc),Man,(Fuc)(GlcNAc),, were modeled at each of the glycosylation sites occupied with sugar
in the hsCD2 crystals, using GlycoSHIELD [61]. The view shown is equivalent to that in the ribbon representation of rsCD2 in Figure 1a, left. The

CD58 binding site of human CD2 is indicated (red).

in resting cells. But CD45 is also needed to initiate signaling,
in part owing to its activating effects on Src kinases [71, 72].
Expression of the multiple isoforms of CD45, whose ECDs con-
sist of shared folded regions and variable mucin-like segments,
changes with cell type, developmental stage, and cell-activation
state [73]. The distinct isoforms result from alternative splic-
ing of exon 4-, 5-, and 6-encoded regions of PTPRC transcripts,
with each region encoding, in turn, extra mucin-like protein
sequence. The ECD of CD45R0 has none of this extra se-
quence and consists of the shared folded region and a mucin-
like segment of 41 residues only, whereas the longest isoform,
CD45RABC, has all the extra sequence and a mucin-like seg-
ment of 202 residues (Figure 3a).

The crystal structure of the folded region of human CD45, solved
to 2.9A resolution [31], showed that it comprises a ‘beads on a
string’ array of four concatenated modular domains (Figure 3b).
Despite being fibronectin domain 3 (FN3)-related, d1 and d2 ex-
hibit striking levels of degeneracy insofar as they lack or have
unique arrangements of certain g-strands (Figure 3c). According
to sequence comparisons, the d1d2 region of CD45 has exhibited
considerable structural plasticity in the course of vertebrate evo-
lution [31]. Overall, the level of sequence identity shared by CD45
ECDs from mammals is extremely low (<15%), contrasting with,
e.g., the ECDs of type Il RPTPs (> 90% identity) [74]. What conser-
vation there is maps mostly to the domain interfaces (Figure 3d).
The domains are connected by unusually short linkers versus
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FIGURE3 | CD45.(a) Organization of the CD45 isoforms, CD45RABC and CD45R0. The extra mucin-like protein sequence generated by alterna-
tive splicing of exons 4, 5, and 6 of the PTPRC gene is indicated as a red insert in the ECD of CD45RABC. The folded and mucin-like regions are drawn
approximately to scale. (b) Crystal structure of d1-d4 of the CD45 ECD (PDB: 5fmv) with each domain color-coded as in panel a. (c) Ribbon diagrams
of ECD domains d1-d4, with -strands numbered sequentially; §-strands 3 and 4 are missing in d1 and @-strand 3 is truncated in d2. (d) Level of
conservation of CD45 surface residues; residues present or conserved in 1-6 of 11 sequences are colored white, 7-8 pink, and 9-11 red. (e) Locations
of disulfide bonds (represented as cystines) in the folded part of the CD45 ECD. (f) Locations of glycosylation sequons for seven mammalian species
mapped onto the CD45 d1-d4 structure. Sites occupied in one species are colored green, 2-3 yellow, 4-5 orange, 6 red, and in 7 species, purple. The
oval marks the region mostly lacking glycosylation sequons. (g) Dimensions of the CD45R0 ECD measured using negative-staining EM, versus those
of the CD4/TCR/pMHC class II complex (PDB: 3t0e) and the modeled hCD2/CD58 complex. O-linked glycans have been modeled onto CD45R0. (h)
A model of the glycosylated CD45 ECD. N-glycosylation (yellow), at sites observed to be occupied in the crystal structure of the d1-d4 region of the
CD45 ECD, was modeled using GlycoSHIELD (as in Figure 2g). Core 2 O-linked glycans were positioned at serine and threonine residues in a model

of the mucin-like region of CD45R0 based on the negative-staining EM analysis, also using GlycoSHIELD.

other large RPTPs [74, 75], ensuring that there is extensive inter-
domain contact and that, overall, the assembly comprises a single
rigid unit as confirmed by the largely identical copies of the folded
d1-d4 region in the asymmetric unit [31]. Similarly, whereas FN3
domains typically lack cysteines, the d1-d4 region is ‘cross-linked’
by eight disulfide bonds (Figure 3e). Overall, most glycosylation
sites of d1-d4 are poorly conserved across mammals, and the
d1d2 region is likely to be more heavily glycosylated than d3d4.
Intriguingly, one side of the d3d4 region is largely free of putative
glycosylation sites (Figure 3f). This may help CD45 to preferen-
tially access target proteins with relatively small ECDs, such as the
TCR. On the other hand, if their cytosolic regions are unstructured
and extended, close access of CD45 to its substrates might not be
important. Consistent with the free diffusion of CD45 monomers
at the cell surface [76], the CD45 ECD did not form dimers in the
crystal lattice. We were also unable to identify a conserved candi-
date ligand-binding surface [31].

By fusing the full-length ECD of CD45RO0 to the globular ~70
kD ECD of a semaphorin [77], the length and flexibility of the
mucin-like segment of CD45R0 could be determined using neg-
ative staining electron microscopy [31]. This region of CD45R0
proved to be 6.6 nm in length (Figure 3g) and, since a full recon-
struction was possible [31], it must also be rigid, as expected for
mucins of this length [78]. Variable-angle TIRF-based imaging
experiments implied that the ECDs of CD45R0 and CD45RABC
are ‘upright’ at the cell surface [31]. A model of the intact, glyco-
sylated form of the CD45 ECD is shown in Figure 3h.

4 | The pMHC-Bound «ff TCR

The a TCR consists of four non-covalently associated, disulfide-
linked dimers, TCR-af, CD3-¢8, CD3-cy, and CD3-{,. TCR-af
subunits are responsible for ligand reactivity via their variable
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regions and do not directly drive signaling. Instead, phosphory-
lation of the cytosolic regions of the three covalent CD3 dimers
initiates intracellular signaling [79]. Prior to the structures of
fully-assembled TCR complexes becoming attainable, nuclear
magnetic resonance (NMR)-based and crystal structures of the
subunits, mostly expressed in soluble forms, were determined
[80-85]. These pioneering studies established that TCR/pMHC
recognition occurs in a conserved manner, but with no common
binding mode explaining MHC restriction [86]. In addition,
for the most part, the very small differences in the structures
of ligated and unligated TCR-af3 ECDs seemed to indicate that
these parts of the receptor do not undergo shared conforma-
tional rearrangements that might otherwise have explained
how TCR ligands differing in quality produce distinct signaling
outcomes [86].

Discerning whether or how the intact TCR responds to ligand re-
quired structures of fully assembled ligated and unligated TCRs
to be determined. Using cryo-electron microscopy (cryo-EM)-
based analysis of detergent-solubilized receptors, Dong et al.
reported the first structure of an intact ag TCR, solved to 3.7A
global resolution, in 2019 [87]. This confirmed that the receptor
has TCRaB/CD38ye,&, stoichiometry and offered two crucial
insights into receptor assembly unobtainable from the earlier
structural studies. First, assembly depends on interactions be-
tween the transmembrane (TM) regions of the TCR-af het-
erodimer and CD3 dimers, forming a relatively tight eight-helix
bundle [87]. The TCR-a and TCR- TM regions associate via hy-
drophobic contacts and interact with each of the CD3 dimers via
electrostatic contacts. Second, the new work revealed the nature
of the interactions between the ECDs of the CD3-¢8, CD3-¢y, and
TCR-af heterodimers, which help to stabilize the extracellular
parts of the receptor in an apparently rigid arrangement along-
side interactions involving the membrane-proximal connecting
peptides (CPs) of each ECD pair, producing a “trimer-like” ar-
rangement of the receptor subunit ECDs [87]. No density was ob-
served for the cytosolic regions of any receptor chain, implying
that they are largely unstructured [87]. Subsequent refinement
of the model to 3.2 A resolution by the same team resulted in the
identification of cholesterol moieties at two sites in the TM as-
sembly [88]. Mutation of the cholesterol-binding residues in the
TM region led to TCR hyper-reactivity, along with a 7.7 A shift
in the position of one of the CD3-¢ chains [88]. Possible roles of
cholesterol in o8- and y8-TCR signaling are considered below.

These seminal studies offered the first insights into the struc-
ture of the resting state of the fully assembled TCR. To isolate a
ligand-bound receptor, we used a clonotypic, affinity-matured
TCR. Our expectation was that the best-folded receptors would
be those that reach the cell surface and that, if they had suf-
ficient affinity, these TCRs could be ‘tagged’ prior to cell lysis
with soluble pMHC monomers carrying a purification tag.
The aff TCR we assembled, called GPa3bl7, binds with an af-
finity (Kp)) of 13 pM to a tumor antigen, that is, a glycoprotein
100-derived peptide, gp100, complexed with HLA-A2 [89]. The
gpl00/HLA-A2/TCR complex, solubilized in the detergent
glyco-diosgenin and comprising 11 individual proteins and
peptides (Figure 4a), was solved to a global resolution of 3.08 A.
This first view of pMHC recognition outside a crystal lattice
confirmed that it occurs in the complementarity determining re-
gion (CDR)-dependent, ‘diagonal’ binding mode observed in the

crystals [86]. The improved binding of the affinity-matured TCR
to gpl00/HLA-A2 was explained by direct and indirect effects
of CDR substitutions on both HLA-A2 and gpl00 recognition.
The TCR-af3 subunits, bound to gpl00/HLA-A2, are cradled by
the ECDs of the CD3-¢§ and CD3-¢y heterodimers, supported
by the eight-helix TM bundle (Figure 4a). Interactions with the
CD3 subunits position the pMHC binding site of the TCR toward
the ‘side’ of the complex and lock the TCR-aff subunit/pMHC
complex at an angle of 59° relative to the plane of the membrane
(Figure 4a). These interactions comprise multivalent contacts
across two structural layers involving the CD3-¢ and CD3-gy
ECDs and the constant (C) regions and CPs of TCR-af3, an ad-
ditional layer of contacts involving the TCR-a3 TM bundle that
crucially allows charged TM-residue neutralization (Figure 4b),
and interactions with cholesterol moieties incorporated into the
TM bundle (Figure 4b) [32].

We were also interested in how such an assembly might form,
having observed that ligand-binding complexes lacking CD3-{
can be expressed at high levels in Chinese hamster ovary (CHO)
cells [32]. We noticed that the CPs of the TCR-aff8 and CD3 het-
erodimers create distinctive, rigid links to their TM regions
(Figure 4c). A short helix from TCR-« fills the space between
TCR-Cp and the N-terminal ends of the TCR-a3 TM helices, an
arrangement reinforced by a disulfide bond to the TCR-§ CP.
The linkers of each CD3 heterodimer, on the other hand, are sta-
bilized by short 3-strands and paired disulfide bonds formed by
vicinal cysteines in conserved CXXC motifs next to their TM
regions, adjacent to and above the TCR-a3 TM bundle. The hy-
drophobic interaction of cystines in this manner seemed to be
unprecedented. The CPs, which also impose tilts in the CD3
heterodimer ECDs relative to their long axes (Figure 4c), may
in this way facilitate the rigid-body, close packing of the TM re-
gions of the three heterodimers, in an arrangement stabilized
initially by TM-region salt-bridges and then by interactions of
their ECDs, explaining the formation of the CD3-¢{{ homodimer-
free complexes we detected in CHO cells. In a straightforward
way, docking sites for cholesterol and CD3-{{ homodimers
would be created, allowing completion of assembly.

Most importantly, our work allowed a first analysis of the effects
of pMHC binding on the fully assembled TCR. Comparisons of
the backbone conformations of our pMHC-bound GPa3b17 TCR
and the unligated structure solved by Dong et al. [87] indicated
that the TCR resists ligand-induced changes: the root-mean-
square-deviation between the two structures for all Ca atoms
was 1.2A (Figure 4d) [32]. Previously, the binding of pMHC by
the TCR was proposed to induce structural changes in four re-
gions: (1) the TCR-C FG loop, (2) the TCR-Ca AB loop, (3) the
TCR-Cf aA helix, and (4) the TM regions, but these regions were
essentially unchanged [32]. Only very minor displacements were
observed at the C termini of the TM regions of CD3-¢ and CD3-¢’'
(of 2.5-3.5A), perhaps only reflecting differences in construct
design [32]. A caveat of these observations was that the strong
binding of the GPa3b17 TCR could prevent the complex from
accessing dynamic states used by more physiological, lower-
affinity TCRs during signaling. However, molecular dynamic
simulations suggested that lower-affinity TCRs would behave
similarly, as was quickly confirmed by Saotome et al. [90], who
determined unbound and ligand-bound structures of a native,
low affinity (K, =6uM) TCR (PN45545; Figure 4e). A model of
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8es8 vs 8es7

7phr vs 6jxr

FIGURE 4 | The aff TCR. (a) Model of the fully-assembled gp100/HLA-A2/GPa3b17 TCR complex (PDB: 7phr) viewed along the plane of the
membrane. Protein subunits are shown in ribbon format and the gp100 peptide antigen as a space-filling model; the approximate boundaries of the
membrane are shown as gray lines. The 59° tilt in the position of the complexed pMHC/TCR ECDs versus the plane of the membrane, and the three
structural layers underpinning the assembly of the TCR complex are indicated. (b) Arrangement of the Layer 3 TM regions viewed toward the cell
along an axis orthogonal to the membrane. Residues forming salt bridges are indicated. (c) Likely assembly intermediates in complex formation. The
Layer 2 linker regions of the TCR-af8 and CD3-8¢ and -ye heterodimers are each stabilized by disulfide bonds (yellow). The 'tilting back’ of the ECDs
of the TCR-a and CD3-8¢ and -ye subunits might, especially, facilitate the close apposition of their TM regions, allowing charged TM-residue inter-
actions during step 1 of assembly. Cholesterol and CD3-¢{ homodimer recruitment would complete assembly in step 2. (d, e) Structural differences
between the gp100/HLA-A2/GPa3b17 ligated TCR complex and the apo form of the TCR solved by Dong et al. [87] (PDB: 6jxr) (d), and the ligated
(PDB: 8es8) and apo (PDB: 8es7) forms of the PN45545 TCR solved by Saotome et al. [90] (e), are shown (the representation is the same as in Figure 2f,
except that the ligated structures are used for the putty diagrams). (f) Modeling of glycosylation (yellow) at sites observed to be occupied in the cryo
EM structure of the GPa3b17 TCR, using GlycoSHIELD (as in Figure 2g).

the intact, glycosylated form of the GPa3b17 TCR in the absence
of ligand (Figure 4f) suggests that surprisingly large areas of the
surface of the receptor will be occluded by N-linked glycans,
likely preventing receptor oligomerization.

5 | They8 TCR

¥ T-cells comprise a T-cell lineage that is distinct from of8 T-
cells and contributes to tumor and mucosal immunity [91]. In
contrast to the afg TCR, the yd TCR reacts with a variety of struc-
turally diverse ligands. These include the stress-induced MHC I-
like molecules, CD1 and MR1, and non-MHC-like ligands, such
as butyrophilin and butyrophilin-related proteins [92]. From
the outset, structural work on the y8 TCR suggested that yd and
af TCRs would be substantially different. In the TCR-y§ ECD
structure solved by Allison et al. [93], the C domains “swung

out” from underneath the V domains versus the arrangement
seen in TCR-af3 ECDs. In addition, no conserved surfaces in the
Ca/CP and Cy/C8 domains seemed likely to mediate shared CD3
subunit interactions. The TCR-y chain also lacked the extended
FG loop of TCR-f that has been linked to mechanotransduction
[94], and C8 had conventional Ig superfamily domain topology
with C, F, and G -strands, in contrast to Ca whose topology is
unique. Finally, Allison et al. [93] noted, like others previously
[95, 96], that the TCR-y and -8 subunits have substantially lon-
ger CPs.

Two structures of detergent-solubilized, fully assembled Y8 TCRs
solved using cryo-EM were reported by Xin et al. [97], followed
soon after by a third structure determined by us (Figure 5a)
[33]. Additional work by Saotome and colleagues [98] on the y&
TCR clonotypes studied by Xin et al. extended and confirmed
all of the initial findings. The TCRs studied by Xin et al. were
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FIGURE 5 | The y3 TCR. (a) Model of the fully-assembled MR1-specific G83.C4 y8 TCR (PDB: 9cia) viewed along the plane of the membrane.
Protein subunits are shown in ribbon format; the approximate boundaries of the membrane are shown as gray lines. (b) Elution of the fully-assembled
G83.C4 y3 TCR, and a form of the complex expressed in the absence of the CD3-y chain, from an analytical Superose 6 Increase 10/300GL size-
exclusion chromatography column. The horizontal bar indicates the elution position of material used for structural analysis of the fully-constituted
complex. (c) Displacement of the CD3 ECDs within the y8- (colored) and af3- (PDB: 7phr; white) TCR complexes, observed after superimposing the
CD3-8¢ heterodimer ECDs. The centers of mass of the CD3 subunit ECDs differ by up to ~8 A between the complexes [33]. (d) Conservation of orga-
nization of the TM regions in the y8 TCR (colored) versus the apo o8 TCR (PDB: 7phr; white). (e) Differences in TCR CP sequence lengths for y8 and
af TCRs from different mammals. (f) Effects of a8 and y8 TCR flexibility on signaling outcomes. A schematic of the G83.C4 and AF-7 wild-type and
chimeric (CH) TCR constructs wherein, for the chimeras, the variable and constant domains were interchanged between the two receptors, is shown
on the left. Mean fluorescence intensities (MFI) for CD69 expression are also shown, for Jurkat T-cells expressing G83.C4 and G83/AF7_;; TCRs (mid-
dle), and AF-7 and AF7/G83;; TCRs (right), following stimulation with C1R cells treated with different amounts of 5-OP-RU. Reducing the flexibility
of the y8 TCR increased signaling whereas enhancing it for the af8 TCR reduced signaling. p values are indicated: **<0.01; ****<0.0001. Error bars
represent standard deviations. Statistical comparisons were performed using one way analysis of variance with Tukey's multiple comparison test;
two independent experiments with n = 3 cocultures each were analyzed. (g) Modeling of glycosylation (yellow) at sites observed to be occupied in
subunits of the y§ TCR (PDB: 9cia), using GlycoSHIELD (as in Figure 2g).

of the Vy9Vé2 and Vy5V4a1 subtypes, whereas we solved the
structure of a Vy8V483 TCR whose interactions with MR1 are
well-characterized [99, 100]. We reasoned that although MR1-
reactive T cells comprise only a minor subset of circulating yd

lacking CD3-y could also be purified (Figure 5b). Once again,
very little, if any, density was observed for the cytosolic regions
of the TCR-y8 and CD3 subunits, confirming their flexibility.

T-cells [99, 100], because the C regions of yd TCRs seemed likely
to determine their overall organization, whatever was learned
about the Vy8V483 TCR would probably apply to receptors com-
prising other combinations of Vy and V8 domains. The study of
an MR1-binding y8 TCR would also allow direct functional com-
parisons with MR1-binding a3 TCRs. Whereas y8 TCR stoichi-
ometry had been controversial [101, 102], the solved structures
all consisted of 1:1:1:1 associations of TCR-yd heterodimers
with CD3-8¢, -ye, and -¢¢ dimers (Figure 5a), although a yd TCR

The first key observation was that the overall organization of the
CD3 ECDs in both TCR subclasses is largely conserved [33, 97],
despite the limited number of pairwise interactions stabilizing
the positions of the CD3ed and CD3¢ey heterodimers (Figure 5c)
[33]. Residues contributing to a three-way interaction that posi-
tion CD3-ey next to TCR- and CD3-&d alongside TCR-a were
poorly resolved in the y8 TCR [33], perhaps because stabilizing
contacts with the TCR-yd C domains are absent. Instead, the po-
sitioning of the CD3-e6 and CD3-¢y heterodimer ECDs relies on
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TABLE1 | Summary of locations of cholesterol in solved af3 and y& TCR structures.

PDBID 7fjd 8es7 8es8 8es9 7phr 8jco 9cia
TCR ap ap ap ap af ) )
Apo X X X X
Ligated X X X

Cholesterol (outer leaflet) X X X X X

Cholesterol (inner leaflet) X X X

the relatively rigid linker regions packing the CD3 ECDs against
the top of the TM helix bundle. For the y8 and o§ TCRs, the cen-
ters of mass of the CD3-8¢ and -ye ECDs differ by as much as 8 A
[33], suggesting that precise positioning of the signaling subunit
ECDs of TCRs is unimportant.

The second important finding was that the organization of
the TM regions of y8 and af3 TCRs was very similar, despite
the limited similarity of the TCR-y/TCR-8 and TCR-a/TCR-8
TM region sequences (Figure 5d) [33, 97]. Whereas, for the af3
TCR, TM region packing depends partly on interactions in the
membrane-proximal regions of the subunit ECDs [32], the y8
TCR relies almost exclusively on the electrostatic interactions of
conserved, charged residues in its TM region. Cholesterol is con-
sistently incorporated into the TM regions of yd TCRs as in the
case of af§ TCRs, but the distribution appears distinct (Table 1).
Whereas robust density is seen in the outer leaflet-embedded
region of the af TCR, similar-quality density is only seen in
the inner leaflet-associated portion of the y8 TCR [33, 97]. The
outer leaflet site in the y§ TCR is blocked by the reorientation
of a CD3-¢ residue (Lys30) toward a TCR-y TM region residue
(Met254) [33]. Mutations that reduced cholesterol binding low-
ered signaling by the y8 TCR [97], but the changes in cholesterol
levels and their effects on signaling were each relatively modest.
Cholesterol de-sequestration did, however, initiate spontaneous
T-cell activation [97]. But if cholesterol stabilizes the assembly,
its removal could induce receptor aggregation and signaling.
Considering the native structures only, given (1) that the over-
all organization of the TM domains is largely unaffected by the
presence of cholesterol in the inner versus the outer leaflet TM
regions, and (2) that the sterol is present in both ligated and unli-
gated TCRs, it seems more likely that cholesterol affects receptor
assembly rather than signaling.

Easily the most striking and telling difference between the two
subclasses of receptors, however, was that, in contrast to the af§
TCRs [32, 87, 90], for all three y8 receptors studied, the TCR-y8
ECDs were either absent from the density or the associated den-
sity was discontinuous with that of the CD3 assembly [33, 97].
The mobility of the y8 TCR is explained by several differences
between the two receptor subclasses. First, a8 and y6 Cdomain
sequences are poorly conserved (~12% and 25% identity for
C-8/C-a and C-y/C-f comparisons, respectively), and the ab-
sence, in the FG loop of TCR-y and the DE loop of TCR-§, of
residues forming important electrostatic contacts prevents the
TCR-y8 heterodimer from associating with the CD3 ECDs in
the same way [33]. Automated structure comparisons ranked
numerous antibody C domains ahead of C-f§ and C-a domains
as the structures most like C-y and C-§, respectively. Second, as

noted [93, 95, 96], the lengths of the membrane-proximal C-y
and C-d CPs are significantly longer (by 14 and 13residues, re-
spectively, depending on exon usage) than the equivalent CPs
of the oy TCR, and the CPs are unstructured or unresolved in
the cryo-EM maps. TCR-y CPs are typically encoded by mul-
tiple exons, vary significantly in length among mammals, and
can be as long as sixty residues (Figure 5e). The length of the
single TCR-8 CP is, however, highly conserved between species
and constrained to 22-25 residues only, limiting the maximum
‘reach’ of the receptor [33].

We directly tested the impact of TCR flexibility on its function
[33]. The o TCR, AF-7, and the y8 TCR, G83.C4, bind with sim-
ilar affinity and in a similar head-to-head orientation to a shared
ligand, MR1, presenting the bacterial metabolite 5-(2-oxoprop
ylideneamino)-6-D-ribitylaminouracil (5-OP-RU) [100]. T cells
transduced with the AF-7 af TCR signaled more potently in re-
sponse to MR1/5-OP-RU than cells bearing the G83.C4 yd TCR
[33]. Importantly, when the variable regions of the G83.C4 v
TCR were grafted onto the presumably rigid AF-7 TCR scaffold,
T cells expressing the chimeric receptor produced much stronger
signaling responses, measured as CD3¢ phosphorylation, which
were comparable to those produced by AF-7, suggesting that the
flexibility of the y8 TCR constrains its responsiveness [33]. We
also find that reciprocal swaps of all of the V and C domains
between the two receptors increase signaling following G83.C4-
based MR1/5-OP-RU recognition (i.e., after ‘rigidifying’ the
G83.C4 TCR), and reduce it after AF-7-dependent ligand bind-
ing (i.e., when the AF-7 TCR becomes more flexible; Figure 5f).
Xin et al. found that T cells expressing a y§ TCR comprised of
the Cy region encoded by TRGCI produced stronger responses
to the MHC-like ligand, CD1d, than cells expressing receptors
with the 16-residue longer CPs encoded by TRGC2 [97], also sug-
gesting that the flexibility of the y& TCR limits its reactivity. We
proposed that the reduced reactivity of the more flexible y§ TCR
reflects a compromise between it having to bind structurally di-
verse ligands, and having to engage them efficiently. A model of
the intact, glycosylated form of the G83.C4 y5 TCR is shown in
Figure 5g.

Xin et al. were also able to characterize the structure of the flexi-
ble ECD of a Vy5V81 TCR [97] because, unexpectedly, this TCR,
but not the Vy9V82 or Vy8V3S3 TCRs [33, 97], formed receptor di-
mers. Dimer formation relied on homotypic interactions involv-
ing residues in the invariant HV4 segment of Vy5 that differ in
VY9 or Vy8 domains, with other contributions from CDR2; these
residues are also present in Vy2 domains, which also dimerized
in solution [97]. Mutating these residues prevented dimerization
of purified Vy5Vé&1 receptors and impaired ligand binding and
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T-cell signaling, suggesting that dimerization potentiates signal-
ing by increasing ligand binding avidity. Similar observations
were made by Hoque et al. in their studies of the same recep-
tor [98].

6 | Accessory Receptors: CD28, CTLA-4, and PD-1

The covalent homodimers, CD28 and CTLA-4, are strong mod-
ulators of T-cell responses. Their similar architectures comprise
ECDs with single V-set Ig superfamily domains and stalks linked
to TM and cytosolic regions. The receptors bind via “MYPPPY”
motifs [103] to two shared ligands: a weak dimer, CD80, and the
monomer, CD86 [103-105]. CD28 and CTLA-4 have orthogonal
functions: CD28 provides signals essential for full T-cell activa-
tion, whereas CTLA-4 suppresses T-cell responses [103, 106].
The binding affinities and valencies of CD28 and CTLA-4 also
differ substantially [107]. PD-1 (programmed cell death protein
1) is among the most potent inhibitory receptors in the immune
system, and the pre-eminent target of transformative immuno-
therapies [108]. PD-1 consists of a single extracellular V-set Ig
superfamily domain also attached via a stalk to TM and cytoso-
lic regions. The TM region is proposed to dimerize PD-1 at the
cell surface [109]. Its two ligands, PD-L1 and PD-L2, differ 3-4
fold in affinity for the receptor [38]. We helped determine the
structure of the CTLA-4/CD80 ECD complex [35] and published
the structure of the apo CTLA-4 ECD [36] in 2001 and 2011, re-
spectively. Our structure of a human CD28 ECD monomer, com-
plexed with the fragment antigen-binding (Fab) of a mitogenic
antibody, 5.11A1, was published in 2005 [34]. Finally, our col-
laborators' structures of the apo PD-1 ECD [38] and of the PD-1
ECD complexed with our antibody agonist, Clone 19 [110], were
reported in 2013 and 2024.

6.1 | CD28

CD28 enhances T-cell activation via the PI3-kinase pathway;
in the absence of CD28 engagement, TCR signaling drives T
cells into an anergic state [111]. Following unsuccessful at-
tempts to crystallize intact, deglycosylated CD28 ECD homod-
imers, the structure of reduced, glycosylated monomers bound
to the 5.11A1 Fab [112] was determined instead [34]. A major
lattice contact in the crystals produced a plausible model of the
CD28 ECD homodimer (Figure 6a, upper) similar to the known
CTLA-4 dimer (Figure 6a, lower). However, whereas CTLA-4
homodimerization relies on residues next to and including the
stalk-like region, the CD28 lattice contact was formed by a
small, three-stranded A’G’F -sheet present in V-set Ig super-
family domains [34]. Single-particle cryo-EM analysis of an
intact CD28-Fc fusion protein bound to the 5.11A1 antibody
showed that the lattice-based CD28 dimer was a better fit for
the electron density than a CTLA-4-based model. Moreover,
mutations of residues mediating the lattice contact prevented
CD28 expression at the cell surface, whereas mutations of res-
idues equivalent to those involved in CTLA-4 dimerization had
smaller effects [34]. Our lattice-based homodimer is therefore
very likely to mimic the native CD28 ECD.

The V-set Ig superfamily domain of CD28 is structurally most
similar to that of CTLA-4 [34]. Variations are found in the G

B-strand of CD28, as well as a reduction in the length of the
CD28 CC' loop versus that of CTLA-4, which would have pre-
vented CD28 dimerization in the way observed in the crystal
(Figure 6b). The structure of the shared ligand-binding MYPPPY
motif of CD28, with the cis-trans-cis conformations of the
three proline residues, is virtually identical to that of CTLA-4
(Figure 6¢). The shared surface used by CTLA-4 to bind to both
CD80 and CD86 is preserved in CD28, but the surfaces medi-
ating CTLA-4/ligand complex formation outside this region
differ in CD28 and account for the reduced affinity of CD28 for
its ligands [34, 107]. The lattice-based CD28 dimer slightly re-
orients each subunit, explaining the differences in the valency
of CTLA-4 and CD28 [34]. Docking experiments suggested that
bivalent ligand-binding by CD28 is prevented by a steric ‘clash’
in the membrane-proximal domains of bivalently-bound CD80
(Figure 6d), and that CD86 binding will be greatly constrained in
the same manner. The mitogenic 5.11A1 antibody bound CD28
bivalently via a membrane-proximal epitope, along an axis par-
allel to the membrane (Figure 6e), in contrast to non-mitogenic
antibodies that bind epitopes further away from the membrane
[34, 112]. This suggested to us that the mitogenic antibody could
induce signaling by locally excluding RPTPs such as CD45, when
the antibody also forms complexes with Fc receptor-expressing
cells [34], as we subsequently demonstrated [110]. Our structure
of the ECD of the CD28 and CTLA-4 ligand, CD80 (Figure 6f),
published in 2000 [37], revealed that it forms a 2-fold rotationally
symmetric homodimer and consists of a novel combination of Ig
superfamily domains, that is, a V-set domain found in adhesion
proteins and a C1-set domain typical of antigen receptors.

6.2 | CTLA-4

CTLA-4 suppresses signaling in T cells by recruiting cytosolic
tyrosine phosphatases, for example, Src homology 2 domain-
containing tyrosine phosphatases (SHP) 1/2, which reverse ty-
rosine phosphorylation, and/or by impairing CD28 signaling
directly by competing for their shared ligands [103], or indi-
rectly via the capture and degradation of the ligands by trans-
endocytosis [113]. As expected, the CTLA-4V-set Ig superfamily
domain? is most similar to that of CD28, and to a lesser extent,
PD-1, rather than those of antigen receptors and adhesion mol-
ecules [35, 36, 114]. Dimerization relies on (1) intermolecular
disulfide bond formation, (2) hydrophobic interactions of the
Ig superfamily domains involving the A’ and G strands of each
monomer, and (3) three networks of water molecules that help ri-
gidify the stalk, perhaps favoring ligand engagement [35, 36, 114].

The MYPPPY segment of CTLA-4 dominates interactions with
its ligands [35, 114]. CTLA-4 forms hydrophobic contacts with
the mostly nonpolar surface of CD80 [35]. In further contrast
to CD2 [29], the binding surfaces of CTLA-4 and CD80 exhibit
a high degree of shape complementarity [35]. The Sc metric
quantifying this parameter [115] is 0.74-0.77 for the CTLA-4/
CD80 binding interface, which is considerably higher than that
for CD2 and CD58 (0.58) [60], and even higher than that of an-
tibody/protein antigen interfaces (0.64-0.68) [115]. However,
the CD80 binding site of CTLA-4 is relatively small, with only
460A2 of surface being buried per monomer [35] (for CD2 and
CD58, 570-590 A2 of surface is buried [60]). This helps to ex-
plain the fast kinetics of CTLA-4/ligand interactions [107, 116].
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FIGURE6 | CD28and CTLA-4.(a)Ribbon and surface-rendered views of the ECDs of apo CD28 (PDB: 1yjd) and CTLA-4 (PDB: 3osk). The ligand

(i.e., CD80) binding surface of CTLA-4 incorporating the MYPPPY sequence, and the equivalent region of CD28, are indicated. (b, ¢) Superimposition
of the apo CD28 and CTLA-4 (chain A) Ig superfamily domains (b), and of the FG loop MYPPPY sequences of CD28 and the apo and complexed forms
of CTLA-4 (with CD80, PDB: 1i8l; with CD86, PDB: 1i85) (c). (d) The d2 clash resulting from superimposing CD80 monomers with the CD28 ho-
modimer in the manner of CD80 binding by CTLA-4 (PDB: 1i8l); for the CTLA-4 homodimer, which forms a complex in which the CD80 monomers
are parallel, there is no such clash. (e) Orthogonal views of the crystallographic CD28 ECD homodimer/5.11A1 Fab complex. The view in the upper
panel is along the plane of the membrane. The position of a residue equivalent to one in rat CD28, which disrupts the binding of a non-mitogenic
anti-rat CD28 antibody when mutated [112], is marked with a blue circle. (f) The homodimer formed in crystals of the CD80 ECD (PDB: 1dr9); the
location of the CTLA-4 binding site, determined subsequently [35], is indicated. (g) Structural differences between the CD80-ligated (PDB: 1i8l) and
apo CTLA-4 homodimer (PDB: 30sk) (see Figure 2f for details of the representation). (h) The repeating array of CTLA-4 and CD80 ECD homodi-
mers observed in crystals of the complex (PDB: 1i8l). (i) Modeling of glycosylation (yellow) at sites found to be occupied in crystals of CD28 (PDB:
1lyjd; predicted CD80 binding site, green), CTLA-4 (PDB: 3osk; CD80 binding site, green), and CD80 (PDB: 1dr9; CTLA-4 binding site, blue), using

GlycoSHIELD (as in Figure 2g).

The binding of CD80 to CTLA-4 is accompanied by minimal
changes in the CTLA-4 ECD (Figure 6g) [36]. Notably, the Ig su-
perfamily domains of the apo ECD homodimer, which are very
similar, both exhibit more similarity with equivalent domains
in the ligated structures than they do to each other, emphasiz-
ing the rigid-body nature of complex formation. There is a small
rotation in the sidechain of M99 (part of the MYPPPY motif)
when binding CD86, as well as some changes in the position of
the C-terminus of the G strand, neither of which occurs when
CTLA-4 binds CD8O0 [36]. There are also small shifts in the posi-
tions of the C” strand and the BC and CC’ loops. Because these
changes are not produced by both CD80 and CD86, they are
unlikely to function allosterically. Despite binding the shared
MYPPPY motif, CD80 and CD86 interact with CTLA-4 in dif-
ferent ways [35, 36, 114]. Whereas minimal reorganization of

CD80 is needed to accommodate CTLA-4, CD86 undergoes
induced-fit including, e.g., the rotation of the FG loop allowing
contacts to form with the MYPPPY motif. Otherwise, ligand
binding is rigid-body in character [36]. Strikingly, in crystals, the
CTLA-4 and CD80 ECD dimers form a zipper-like arrangement
(Figure 6h), revealing a structural basis for the formation of very
stable inhibitory complexes at the T-cell surface [35]. Models of
the intact, glycosylated forms of the CD28, CTLA-4, and CD80
homodimer ECDs are shown in Figure 6i.

6.3 | PD-1

Inhibitory signaling by PD-1 is at least partially explained by
its recruitment of the tyrosine phosphatases, SHP1/2, after it's
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phosphorylated on cytosolic signaling motifs following ligand
binding [117]. NMR analysis of the human PD-1 ECD? showed
that it comprises a two-layer 8 sandwich with the topology of Ig
superfamily V-set domains, i.e., GFCC’ and ABED sheets stabi-
lized by a disulfide bond (Figure 7a) [38]. Structure comparisons
showed that it is most similar to the V-set domains of antigen
receptors and CTLA-4, as anticipated by sequence comparisons
[36]. The first PD-1/PD-L1 ECD complex solved (PDB: 3bik) re-
vealed an in trans binding mode reminiscent of the in cis inter-
actions of antigen receptor variable domains [119], suggesting an
evolutionary path from in trans interacting monomeric recep-
tors to in cis heterodimers, or vice versa. Compared with typical
V-set domains, however, the edge of the GFCC’ sheet of PD-1
is unusually flexible, and it completely lacks a C” strand. The
crystal structure of the human PD-1 ECD (PDB: 3rrq) confirmed
that the C'D loop is unstructured and that the CC’ and FG loops
are highly flexible (Figure 7b). The ligand-binding sites of PD-1
were mapped via perturbations of PD-1 backbone NMR signals
in the presence of soluble PD-L1 and PD-L2 [38] (Figure 7c). For
PD-L1, the changes were localized to a patch of surface resi-
dues on the GFCC’ f3-sheet: i.e., -strand C and the CC’ loop,
B-strand C’, the C'D loop, and -strands E and F, along with the
FG loop, B-strand G, and the BC and FG loops, defining the PD-
L1 binding site (as confirmed subsequently [118]). Although PD-
L1 and PD-L2 bound the same region of PD-1, for PD-L2 there
were fewer contributions from its BC and FG loops. Importantly,
there was little or no indication that ligand-induced changes oc-
curred beyond the region of direct contact [38].

Membrane
d
PD-L1
binding

Clone 19 site

Membrane

Pembrolizumab

The possibility that the anti-CD28 antibody we crystallized
with CD28 was agonistic because it bound a membrane-
proximal epitope [34] prompted the generation of an anti-PD-1
antibody agonist, Clone 19, for use as a potential suppressor of
inflammatory processes [110]. The structure of the ECD of PD-1
complexed with the Fab fragment of Clone 19 (PDB: 9hk1) con-
firmed that the antibody binds to the base of -strands A, F, and
G, on the opposite side of the protein from the PD-L1/PD-L2
binding site (Figure 7d) [110]. In contrast, ligand-blocking anti-
PD-1 antibodies used in the clinic, i.e., nivolumab and pem-
brolizumab, bind closer to the top of PD-1 (PDB: 5b8c, PD-1/
pembrolizumab Fab complex; PDB: 5wt9, PD-1/nivolumab Fab
complex; Figure 7d) [110]. We found a striking inverse correla-
tion between epitope position relative to the membrane and the
level of agonistic signaling elicited, insofar as the three anti-
bodies were agonistic in the following manner: Clone 19 > pem-
brolizumab > nivolumab [110]. This supported the general idea
that the closer an antibody binds to the membrane, the better
able it is to create small gaps between the receptor-expressing
target cell and Fc receptor-expressing cells that co-engage the
antibody, leading to the more efficient exclusion of large RPTPs
such as CD45 and stronger signaling [110]. Comparison of the
apo PD-1 ECD and the PD-1 ECD/Clone 19 Fab complex indi-
cated that the structural core of PD-1 is largely unaffected by
antibody binding (Figure 7e) [110], indicating that, like the na-
tive PD-1 ligands, signaling by Clone 19 is not dependent on
large-scale structural rearrangements. A model of the intact
glycosylated form of the PD-1 ECD is shown in Figure 7f.

Shifts:
>1 SD

PD-L1
binding
site

0.03A 74A )

WIS

FIGURE 7 | PD-1.(a) Ribbon representation of the PD-1 ECD (PDB: 2m2d). (b) Comparison of the NMR and the crystal (PDB: 3rrq) structures of
the PD-1 ECD. (c) Surface renderings of PD-1 (PDB: 2m2d) showing how the structure is affected by ligand binding, based on how the backbone (*°N,
13C’, and '"HN) NMR signals of surface residues are perturbed by PD-L1. Residues with minimal shift values lower than 1 standard deviation (SD) ver-

sus the average for all residues are colored white, those >1SD yellow, >1.5SD orange, and residues with minimal shifts >2SD are colored red. Both

the ligand-binding face and the back of the molecule are shown. Very similar data were obtained for PD-L2 binding [38]. (d) Crystal structures of the
complexes of Clone 19 (PDB: 9hk1), nivolumab (PDB: 5wt9), and pembrolizumab (PDB: 5b8c) antibody Fv or Fab fragments, with the PD-1 ECD. For
reference, the PD-L1 binding site on PD-1 is also indicated [118]. (¢) Structural differences between apo PD-1 ECD (PDB: 2m2d), and the PD-1 ECD in
the Clone 19 Fab/PD-1 ECD complex (PDB: 9hk1; see Figure 2f for details of the representation). (f) Modeling of glycosylation (yellow) at sites found
to be occupied in structures of the PD-1 ECD, using GlycoSHIELD (as in Figure 2g).
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7 | Conclusions

Our structural work on CD2 and its ligands, CD45, af3- and y§-
TCRs, and the accessory proteins, CD28 and CTLA-4 and their
ligand CD80, and PD-1, offers a number of insights into the early
events underpinning antigen detection and signaling at close
contacts.

Its linker region, which lengthens CD2 and positions its ligand-
binding site close to the top of the protein, and its flexibility
[27, 28], are likely to favor head-to-head binding of CD2 to its
ubiquitously expressed and relatively abundant ligands and fa-
cilitate close-contact formation during the early stages of cell-
cell contact. The head-to-head lattice contact seen in all our
CD2 ECD crystals provided a model of the ligand complexes that
CD2 forms, measuring ~15nm along an axis orthogonal to the
membrane [27, 28]. These complexes are likely to set the ‘height’
of the close contact, and it is now clear that a large number of
receptors form complexes matching these dimensions [120], al-
lowing them to function at close contacts depending on when
and where their ligands are expressed. The structural plasticity
inherent in the complexes CD2 forms with its related ligands
suggests that the evolutionary diversification of these proteins
was rapid and constrained only by binding needing to be weak
and specific, and in the case of CD2, its topology and dimensions
being maintained, which will have required only that its linker
region is conserved. Overall, CD2 and CTLA-4 provide what are
likely to be extreme examples of low-affinity, highly-specific
protein binding modes at the cell surface: one reliant on poor
surface-shape complementarity and electrostatic contact (i.e.,
CD2) [29], and the other on small, hydrophobic surfaces with
considerable shape complementarity (i.e., CTLA-4) [35, 114].

The structural work confirmed that the ECDs of all forms of
CD45 extend beyond the 15nm inter-membrane gap created by
CD2 and its ligands at close contacts [31]. The smallest isoform of
CD45, i.e., CD45RO0, is 21.6nm, and the RABC isoform is larger,
as expected [31]. Size differences as small as 5nm are enough
to drive unbound proteins from membrane interfaces created
by smaller complexes of binding proteins [121]. This indicates
that all forms of CD45 would be physically excluded from close
contacts created by CD2/ligand interactions, as we observed in
the case of Jurkat T-cells (Figure 1b [23]), which mostly express
the smaller forms of CD45 [122]. Altogether, the structural data
indicated that the fine-structure of the CD45 ECD is less im-
portant than its mechanical properties given, on the one hand,
the degenerate structures of its constituent domains and poor
sequence conservation beyond the domain interfaces, and the
tight domain packing and disulfide bond-based ‘cross-linking’
of the ECD, on the other [31]. This can be explained by the ECD
of CD45 functioning primarily as a physical lever, driving the
phosphatase out of close contacts [31].

Whereas the ligand-binding site of CD2 is at the top [27, 28], the
binding surfaces of the af TCR [32], CD28 [34], CTLA-4 [35, 114],
and CD80 [37] are all toward or on the side of each structure. For
the aff TCR, we proposed that positioning the ligand-binding site
in this way, rather than at the top, serves two important purposes
[32]. First, the TCR does not have to form head-to-head complexes
in the short period of time during which close contacts are cre-
ated by CD2 and its ligands, or after contact is made and only

‘sideways’ movement is possible. Once close contacts form, the
tilted arrangement of the TCR-af3 subunits and the location of
the pMHC ligand-binding site on the side of the TCR would re-
sult in the TCR and pMHC-binding sites overlapping, facilitating
productive scanning by the TCR for rare pMHC ligands via side-
ways interactions. Second, TCR/pMHC binding in this manner
positions the pMHC for favorable interactions with co-receptors,
explaining why their recruitment follows TCR/pMHC engage-
ment and initial signaling [10]. We proposed that TCRs engaging
pMHC with reverse topology [123] may fail to initiate strong sig-
naling because the co-receptor binding site is inaccessible once
stable close contacts form [32]. Similar arguments can be applied
to CD28 and CTLA-4. These observations suggest that receptor
topology could have a large impact on the sequence of signaling
events at close contacts. In marked contrast to these proteins,
the ligand-binding regions of yd TCRs are topologically uncon-
strained [33, 97] so that these receptors can engage a variety of
structurally-distinct ligands [92]. Strikingly, the maximum di-
mensions of the y8 TCR are nevertheless constrained by the fixed-
length TCR-8 CP regions. This could ensure that highly flexible
yd TCRs are trapped in the shallow, robustly CD45-excluding
close contacts created by CD2 and its ligands rather than deeper
regions of contact stabilized by larger e.g., ICAM-1/LFA-1 com-
plexes, allowing more-productive signaling.

But what of receptor triggering per se? The signaling receptors
we chose to study belong to the set of ~100 “immune receptors”
characterized by (1) having mostly small ECDs (< 20nm), (2) their
binding to ligands anchored to the surfaces of other cells, (3) hav-
ing unstructured cytosolic regions with multiple tyrosine residues
and no intrinsic catalytic activity, and (4) being phosphorylated
and dephosphorylated by membrane-associated, extrinsic tyro-
sine kinases, e.g., Lck, and phosphatases, such as CD45, respec-
tively [120]. To us and to others [8, 120], these similarities imply
that immune receptors are triggered via a single, shared mecha-
nism, that is, they are 'all-in or none-in'. A corollary of this prop-
osition is that insights obtained for any one receptor will apply to
the others, which we used to justify our initial focus on receptors
that could be studied easily. The work on CTLA-4 offered the first
and, perhaps, clearest evidence that immune receptor trigger-
ing does not invariably depend on spontaneous conformational
changes [36]. This seems also to be true of o8 TCR triggering [32]
and antibody-induced signaling [110], but as we have sought to
emphasize throughout, rigid-body binding is a shared feature of
all the interactions we have studied. Whilst the role of forces in
immune receptor signaling has not been explored very broadly,
we note that the y8 TCR is not a mechanosensor [124], ruling this
out as a general requirement of immune receptor triggering. The
structural basis for CD45 exclusion from close contacts formed by
the interaction of CD2 with its ligands now seems to be settled,
however. It follows that the phosphorylation of any immune re-
ceptor would be potentiated by being trapped in close contacts by
its ligands, just as slowing the diffusion of the a8 TCR at close
contacts suffices to initiate strong signaling [125], satisfying the
all-in or none-in requirement.

8 | Afterword

Recently, a preprint published by Notti et al. [126] addressed
the question of how the af TCR might be configured in
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a membrane-like environment, rather than in detergent
micelles. In their experiments, Notti et al. reconstituted
detergent-solubilized TCRs into lipid nanodiscs containing
a mixture of polar lipids and cholesteryl hemisuccinate, and
determined their structures using cryo-EM. Rather than the
largely identical conformations of unligated and ligated recep-
tors observed by ourselves and others for detergent-solubilized
receptors [32, 87, 90], “closed and compacted” conformations
of the unligated receptor were observed that were 3.5nm
shorter than the ligand-bound complex. These striking find-
ings confound the notions (1) that CD2/ligand binding and
close-contact formation favors pMHC engagement by the TCR
by creating an overlap in the positions of their binding sites
[32], and (2) that the TCR engages ligands in a rigid-body man-
ner [32, 90]. It will be important to carefully determine the
extent to which the TCR occupies these various states at the
T-cell surface.
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Endnotes

1 To emphasize the impact of O- and/or N-glycosylation on their struc-
tures and interactions, we have generated structural models of the
proteins we have studied, each with 50 representative glycan conform-
ers at each of the glycosylation sites found to be occupied with sugar
during the structure determinations. The glycan conformers were gen-
erated from 3 ps molecular dynamics simulations by GlycoSHIELD
[61]. No attempt has been made to model the constraining effects of
the cell surface at membrane-proximal sites.

2The structure of the complex of soluble forms of CD80 and CTLA-4
was solved using the coordinates of the CD80 ECD structure [37], by
Stamper et al. of Wyeth Research [35].

3Expression and NMR analysis of soluble forms of the human PD-1 ECD
in E. coli were undertaken by Meryn Griffiths et al. at UCB Pharma and
by M. Carr and colleagues at the University of Leicester, respectively
[38]; crystallographic studies of the PD-1 ECD expressed in mammalian
cells were done by C. Paluch et al. at Gilead Sciences [110].
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