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We recently demonstrated that the inhibitory receptor T cell
immunoreceptor with Ig and ITIM domains (TIGIT) assembles in
nanoscale clusters at the T cell surface upon ligation with its ligand
CD155. Crucially, these TIGIT-rich nanoclusters co-localise with T
cell receptor (TCR) nanoclusters [1], concurrent with reduced
effector functions, such as production of the cytokine IL-2 upon
superantigen stimulation. TIGIT with mutations that prevented
transduction of inhibitory signals via its ITT-like and ITIM domains,
still clustered upon ligation with CD155 and localised to TCR
clusters, but could not inhibit functional outcomes. Thus,
inhibitory TIGIT signalling localised to the TCR leads to less
cellular activation. The question arises: is the nanoscale proximity
of inhibitory and stimulatory receptors, like TIGIT and the TCR,
essential for inhibitory function?

There are two main ways in which proximity of an inhibitory
receptor to a stimulatory receptor could be important for
functional inhibition: (i) Inhibitory receptors act to disrupt local
stimulatory receptor signalling, and/or (ii) Inhibitory receptors
require signals from stimulatory receptors to be stimulated
themselves. Here, we provide examples with the inhibitory
receptors PD-1, CTLA-4 and LAG3 that support each of these
views (summarised in Fig. 1).

EVIDENCE THAT INHIBITORY RECEPTORS ARE RECRUITED TO
STIMULATORY RECEPTORS

PD-1 clusters at the immune synapse upon ligation with PD-L1
and PD-L2 [2, 3]. Initially, it was observed that PD-1 clusters co-
localised with TCR clusters in murine T cells early in immune
synapse formation [2]. Later, this model was refined as it was
demonstrated that PD-1 better co-localises with the co-stimulatory
molecule CD28 throughout the maturation of the immune
synapse [3]. CTLA-4 constantly traffics from subcellular vesicles
to the membrane but is predominantly localised in subcellular
compartments. Both TCR stimulation and interaction with B7
ligands in trans, causes CTLA-4 accumulation and clustering at the
immune synapse [4, 5]. CTLA-4 clustered proximally to TCR early in
synapse formation, and associated with the peripheral synaptic
region when the TCR concentrates to a central cluster at later
timepoints. Likewise, LAG3 also clusters with the TCR at the
immune synapse, in a ligand-independent manner [6]. Thus,
several different types of inhibitory receptors are specifically
recruited to activating receptors at immune synapses.

EVIDENCE THAT INHIBITORY RECEPTORS ACT LOCALLY TO
DISRUPT STIMULATORY SIGNALLING

PD-1 ligation with PD-L1 or PD-L2 leads to phosphorylation of PD-
1 [2], which can then recruit the phosphatase SHP-2, leading to
dephosphorylation of proximal CD28 molecules and inactivation
of CD28 signalling [3]. CTLA-4 at the synapse can also reduce
proximal CD28 signalling [5], likely mediated by both competing
for B7 ligand binding in trans and internalisation of trogocytosed
B7 ligands through either trans or cis-endocytosis, which could be
enhanced by co-proximity [7, 8]. Proximal disruption by inhibitory
receptors does not necessarily require phosphorylation-mediated
signalling. Accumulation of LAG3 at TCR complexes increased its
proximity to the co-receptors CD4 and CD8, which led to localised
acidification through its glutamic acid-proline dipeptide repeat (EP
motif), in turn disrupting Lck-CD4 or Lck-CD8 interactions and
subsequent co-stimulation [6].

EVIDENCE THAT INHIBITORY RECEPTORS REQUIRE LOCAL
STIMULATION TO FUNCTION

Chimeric versions of PD-1 that contained different numbers of Ig
domains in its extracellular tail had differing inhibitory potential,
conistent with the kinetic-segretaion model of positioning
proteins at the immune syanpse according to their size [2]. PD-1
with large extracellular domains were excluded from TCR clusters
and could not prevent downstream TCR signalling and IL-2
secretion. Additionally, PD-1 phosphorylation only occurred when
PD-1 was ligated and colocalised with the TCR, which correlated
with SHP-2 recruitment. This is evidence that PD-1 proximity to
the TCR is critical to initiate functional inhibitory signalling. This is
not limited to T cells, as inhibition by Killer Ig-like receptors
required proximity to the activating receptor NKG2D at the surface
of human NK cells, which could also be perturbed by altered
protein size [9].

Other evidence is that TCR stimulation leads to an accumulation
of CTLA-4 at the immune synapse in a manner dependent on the
TCR signalling strength [4]. The Src-family kinase, Lck, can
phosphorylate cytoplasmic CTLA-4 tyrosine residues which
promotes its localisation from subcellular vesicles to the
membrane [10]. Stimulation of the TCR generates hubs of Lck
activity at the immune synapse that could lead to localised surface
enrichment of CTLA-4 where it can bind to B7 ligands to provide
negative feedback.
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Fig. 1 Mechanisms and functions of proximal inhibitory receptors. Inhibitory receptors (in bold) can act locally to disrupt stimulatory
receptors preventing cell activation (left) and/or be stimulated to function by local stimulatory signals (right). (i) Local disruption can involve
the recruitment of inhibitory molecules (such as the phosphatases SHP-2 binding to PD-1, or SHIP-1 binding to TIGIT) to TCR clusters leading
to localised dephosphorylation and inhibition. Local competition for ligand binding may also occur with both CTLA-4 and TIGIT, which share
common ligands with stimulatory receptors. CTLA-4 can subsequently internalise and/or degrade its ligands, which further diminish
stimulatory signalling of CD28. LAG3 localises to the TCR and its presence can create local acidity that prevents Lck interacting with the co-
receptors CD4 and CD8, weakening co-stimulatory signalling. (i) Inhibitory receptors themselves can be ‘primed’ in a localised manner due to
signals they receive at sites of stimulation. Intracellular inhibitory motifs in PD-1 are phosphorylated by Lck, which concentrates at stimulated
TCR clusters, leading to the initiation of localised inhibitory signalling. Based on our observations of TIGIT localisation, a similar mechanism
likely exists to regulate its inhibitory signalling. Alternatively, inhibitory receptors can be locally recruited from subcellular compartments, such
as with CTLA-4. Hubs of Lck activity can favour the selective retention of CTLA-4 at sites of stimulation at the cell membrane, which can
promote localised regulatory CTLA-4-B7 interactions. Image created with BioRender.com.
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