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The CTLA-4 immune checkpoint protein regulates
PD-L1:PD-1 interaction via transendocytosis of its
ligand CD80
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Abstract

CTLA-4 and PD-1 are key immune checkpoint receptors that are
targeted in the treatment of cancer. A recently identified physical
interaction between the respective ligands, CD80 and PD-L1, has
been shown to block PD-L1/PD-1 binding and to prevent PD-L1
inhibitory functions. Since CTLA-4 is known to capture and degrade
its ligands via transendocytosis, we investigated the interplay
between CD80 transendocytosis and CD80/PD-L1 interaction. We
find that transendocytosis of CD80 results in a time-dependent
recovery of PD-L1 availability that correlates with CD80 removal.
Moreover, CD80 transendocytosis is highly specific in that only
CD80 is internalised, while its heterodimeric PD-L1 partner
remains on the plasma membrane of the antigen-presenting cell
(APC). CTLA-4 interactions with CD80 do not appear to be inhibited
by PD-L1, but efficient removal of CD80 requires an intact CTLA-4
cytoplasmic domain, distinguishing this process from more general
trogocytosis and simple CTLA-4 binding to CD80/PD-L1 complexes.
These data are consistent with CTLA-4 acting as modulator of
PD-L1:PD-1 interactions via control of CD80.
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Background

CTLA-4 and PD-1 are two well-established immune checkpoints

affecting T cell immune responses. Both pathways are involved in

the regulation of autoimmunity, however deficiency in CTLA-4 and

PD-1 lead to different disease outcomes. Homozygous CTLA-4 defi-

ciency in mice leads to a fatal lympho-proliferative disease thought

to be due to impaired Treg function and consequent activation of

self-reactive T cells (Tivol et al, 1995; Wing et al, 2008; Walker &

Sansom, 2011). Likewise in humans, heterozygous mutations have

been reported to lead to a spectrum of autoimmune features (Schu-

bert et al, 2014). In contrast, the phenotype of PD-1 deficiency is

milder but leads to exacerbated autoimmunity in several settings

including a lupus-like condition in mice, thought to be related to the

lack of attenuation of ongoing T cell responses (Nishimura et al,

1999; Freeman et al, 2000; Schildberg et al, 2016).

Despite somewhat different phenotypes, both CTLA-4 and PD-1

pathways have been targeted in cancer immunotherapy with

remarkable efficacy against a range of tumours (Sharma & Allison,

2015; Ribas & Wolchok, 2018). Combination therapies manipulating

the early regulator of T cell self-reactivity (CTLA-4) and a later regu-

lator of T cell exhaustion (PD-1) have produced outstanding results

in cancer, albeit with autoimmune side effects (Larkin et al, 2019).

Accordingly, blockade of these two pathways is attracting enormous

attention and understanding their interactions is therefore

important.

At the molecular level, CTLA-4 function remains incompletely

understood with several proposed mechanisms (Walker &

Sansom, 2015; Schildberg et al, 2016). However, it is clear that

CTLA-4 on Treg and activated conventional T cells binds to two

ligands (CD80 and CD86) found on APCs. These same ligands are

used by CD28 to activate T cells and therefore interaction with

higher affinity CTLA-4 reduces CD28 function (Halliday et al, 2020).

In addition to direct competition for ligand binding, we have found

that CTLA-4 is able to physically deplete its ligands from APCs in a

process termed transendocytosis (Qureshi et al, 2011). Here, CTLA-

4 binds its ligands and transfers them into the T cell followed by

their degradation, although the fate of CTLA-4 itself is different

depending on the ligand bound (Kennedy et al, 2022). Whilst there

are similarities between transendocytosis and another process

termed trogocytosis (Daubeuf et al, 2010), in that both lead to inter-

cellular transfer of proteins, in our experience transendocytosis is

detected as a time-dependent transfer of protein between cells,

which remain in cell–cell contact. In contrast, trogocytosis is gener-

ally revealed following cell separation. Accordingly, transendocyto-

sis exploits the dynamic intracellular trafficking of CTLA-4 (Qureshi
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et al, 2012) to efficiently harvest CD80 and CD86 ligands from target

cells. This allows CTLA-4 to generate a cell extrinsic control mecha-

nism compatible with its requirement in Treg function (Wing

et al, 2008; Walker & Sansom, 2011). It is thought that this regula-

tory function of CTLA-4 operates constitutively in order to prevent

costimulation of self-reactive T cells in the steady state, since loss of

CTLA-4 function triggers profound autoimmunity in mice and

humans (Tivol et al, 1995; Kuehn et al, 2014; Schubert et al, 2014).

In contrast to CTLA-4, the PD-1 pathway appears to control the

ongoing activity of CD4 and CD8 T cells following immune activation

(Wei et al, 2017, 2019). Like CTLA-4, PD-1 also binds to two ligands

(PD-L1 and PD-L2), which whilst expressed on APCs also have a

much wider tissue distribution (Schildberg et al, 2016). The expres-

sion of PD-1 is upregulated on T cell activation, although it is often

considered to be associated with “exhausted” or pre-exhausted T cells

resulting from chronic exposure to antigen either due to infection or

due to self-reactivity (Wherry & Kurachi, 2015; Kallies et al, 2020).

Engagement of PD-1 with its ligands appears to drive this “exhausted”

phenotype since blockade of PD-1 can reinvigorate T cells responses

in viral infection and in cancer.

Despite evidence for distinct functional pathways, CD28/CTLA-4

and PD-1 pathways are connected at the molecular level. The inhibi-

tory signalling pathway triggered by PD-1 appears to be capable of

targeting both TCR and CD28 signalling. Recent studies have

suggested that recruitment of the phosphatase Shp2 to PD-1 may

result in a preferential targeting of the CD28 pathway over the TCR

(Hui et al, 2017; Kamphorst et al, 2017), although this remains

controversial (Mizuno et al, 2019). In addition, a direct interaction

between CD80 and PD-L1 has been observed to occur with signifi-

cant affinity (Butte et al, 2007, 2008). Whilst several studies have

inferred an intercellular “trans” interaction (Butte et al, 2007; Ni

et al, 2017; Cassady et al, 2018), more recent evidence suggests that

this interaction takes place predominantly in cis between CD80 and

PD-L1 on the same cell (Chaudhri et al, 2018; Sugiura et al, 2019).

The result of this interaction is that CD80 and PD-L1 physically asso-

ciate in a manner that blocks PD-L1 binding to PD-1, but potentially

allows CD80 to continue its interactions with CD28 and CTLA-4.

However, it remains unclear whether CD80 simply regulates the PD-

1 pathway or whether PD-L1 also acts as a regulator of the CD28/

CTLA-4 pathway as has been suggested (Zhao et al, 2019). We have

therefore addressed the role of CTLA-4 transendocytosis in regulat-

ing these processes.

Given that CTLA-4 efficiently targets CD80 via transendocytosis

we investigated how transendocytosis affects the PD-1 pathway. We

observed that PD-L1 did not prevent CTLA-4 binding to CD80 and

that CTLA-4-dependent transendocytosis remained effective despite

CD80 hetero-dimerisation with PD-L1. Furthermore, despite the fact

that PD-L1 was found at the immune synapse along with CD80

during transendocytosis, PD-L1 was not removed and remained on

the APC. Thus, CTLA-4 demonstrated a highly selective, time-

dependent capacity to remove CD80 from APCs, which required the

CTLA-4 cytoplasmic domain. Whilst some ligand transfer by trogo-

cytosis was observed in cells expressing a tailless CTLA-4 mutant,

this did not result in effective downregulation of CD80 from donor

cells. Finally, depletion of CD80 by transendocytosis led to a time-

dependent restoration of free PD-L1 across the cell membrane, a

feature not replicated by soluble CTLA-4-Ig binding. Free PD-L1 was

capable of engaging PD-1 and inhibiting events associated with TCR

signalling. These data show that CD80 is a regulator of PD-L1:PD-1

interactions but not vice versa. Moreover, efficient ligand depletion

by transendocytosis, but not simple CTLA-4 binding to CD80, is

required to effectively liberate PD-L1 that can engage PD-1.

Results

Co-expression of CD80 and PD-L1 on the same cell disrupts PD-1
but not CTLA-4 or CD28 recognition

To study the interactions between PD-L1 and CD80 we initially used

transduced cells expressing various combinations of the relevant

proteins. PD-L1 was tagged with a cytoplasmic mCherry tag and

probed with different anti-PD-L1 ectodomain antibodies or with

CD80-Ig, PD-1-Ig or CTLA-4-Ig. When PD-L1 was expressed in isola-

tion it was clearly detected by all PD-L1 antibodies as well as PD-1

Ig, indicating that PD-L1 was correctly expressed (Figs 1A and

EV1A). Interestingly, binding of CD80-Ig to PD-L1 was surprisingly

poor, presumably reflecting the unfavourable binding of CD80 and

PD-L1 in “trans” (Chaudhri et al, 2018; Sugiura et al, 2019). In

marked contrast, co-expression of CD80 on the same cell as PD-L1

inhibited staining with several different PD-L1–specific antibodies

and was particularly notable when using soluble PD-1 (Figs 1B and

D, and EV1A). The level of inhibition was dependent on the anti-

body used, presumably reflecting different epitopes and affinities.

Moreover, dose–response curves using a clinical anti-PDL1 antibody

(Durvalumab) also showed inhibition by CD80 was evident but

could be overcome at high doses of antibody (Fig EV1B). Whilst

there was a loss of PD-L1 detection upon CD80 co-expression, stain-

ing of CD80 itself was readily detectable with abatacept (CTLA-4-Ig)

(Figs 1B and EV1A), suggesting that CTLA-4 binding to CD80 was

not obviously impaired by the presence of co-expressed PD-L1.

Furthermore, using CD28 downregulation as a measure of ligand

engagement, we also confirmed that PD-L1 had no impact on the

ability of CD80 or CD86 to engage with CD28 (Fig EV1C). Finally, in

contrast to CD80, the co-expression of CD86 had no detectable

impact on the binding of PD-L1 reagents or vice versa, highlighting

clear differences between CD80 and CD86 (Fig 1C and D, and EV1A

and C).

Using immunoprecipitation and Western blotting, we also

observed that precipitation of PD-L1 co-precipitated CD80GFP upon

chemical crosslinking, confirming the formation of a heterodimer

between CD80 and PD-L1, which was not seen with the non-

interacting CD86 (Fig 1E). Taken together these data were highly

consistent with previous observations (Chaudhri et al, 2018; Sugiura

et al, 2019) showing that co-expression of PD-L1 with CD80 in cis

resulted in inhibition of PD-L1 interactions but retained CD80 bind-

ing to CTLA-4.

Transendocytosis by CTLA-4 selectively removes CD80 but
not PD-L1

Transendocytosis is a molecular process whereby the CTLA-4

ligands, CD80 and CD86, are physically removed from their host cell

by a CTLA-4 expressing cell and internalised, resulting in their

destruction (Qureshi et al, 2011). Previously it has been suggested

that CD80:PD-L1 interactions can disrupt CTLA-4 binding and
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Figure 1. Expression of CD80 and PD-L1 in cis inhibits PD-L1 detection.

A–C CHO cells expressing PD-L1 alone (A) or co-expressing CD80 (B) or CD86 (C) were stained with CD80 Ig, PD-1 Ig, CTLA-4 Ig or anti-PD-L1 Ab clones MIH1, MIH3,
29E.2A3) at 1 lg/ml for 30 min at 37°C. Representative FACS plots show staining plotted against total PD-L1 mCherry levels.

D Integrated data showing PD-L1 detection as determined by the indicated 3 aPD-L1 Ab clones (mean � SEM, two repeats from three independent experiments,
****P ≤ 0.0001: two-way ANOVA with Tukey’s multiple comparisons test).

E Western blot analysis of an immunoprecipitation by anti-mCherry antibody (PDL1) from indicated DG-75 cell lysates, with and without the BS3 crosslinker, and
probed for mCherry (PD-L1) or GFP (CD80).
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therefore transendocytosis (Zhao et al, 2019). We therefore tested

the impact of PD-L1 on CD80 transendocytosis by measuring the

loss of GFP-labelled CD80 ligands from donor cells as well as their

acquisition by the CTLA-4+ recipient population using a well-

established assay (Fig EV2A). This revealed that in the presence of

CTLA-4, CD80 was very effectively removed from the CTV-labelled

ligand donor cells irrespective of PD-L1 co-expression (Fig 2A, blue

shaded quadrants). By tracking the PD-L1 mCherry signal in the

same assay we observed that PD-L1mCherry remained completely

associated with the donor cell despite the near total removal of

CD80, indicating that CTLA-4 did not target PD-L1 for removal even

when it was associated with CD80 (Fig 2A and B red quadrant).

Thus, we concluded that whilst CD80 could prevent PD-L1 interac-

tions with the PD-1 receptor, the reverse was not true and CD80

remained able to functionally interact with CTLA-4 and undergo

transendocytosis. Moreover, the transendocytosis process demon-

strated remarkable selectivity in that PD-L1 was not removed

despite its CD80 partner being captured by CTLA-4.

Given that transendocytosis is a dynamic process controlled by

both the amount of CTLA-4 present and the contact time (Hou

et al, 2015), we monitored the impact of transendocytosis over time.

As shown in Fig 2C, loss of CD80 from the donor cell and its uptake

by recipient cells continued over time in both the presence and

absence of PD-L1. CD86 transendocytosis was also unaffected

(Fig EV2B), in keeping with its lack of interaction with PD-L1.

Despite the effective removal of CD80 ligand over time, with no

significant difference in CD80 removal observed in the presence or

absence of PD-L1 (Fig 2D), there was no indication of significant

PD-L1 depletion from the CD80-PD-L1 or CD86-PD-L1 donor cells at

any time point (Figs 2E and F and EV2C). Whilst we noted a very

slight increase in mCherry signals in the CTLA-4 recipient cells, this

did not result in appreciable downregulation of PD-L1 from the

donor cells in stark contrast to the downregulation of CD80. Taken

together, the above data revealed that recognition of CD80 by

CTLA-4 was not inhibited by the presence of PD-L1. Furthermore,

transendocytosis of CD80 continued over extended times without

appreciably removing PD-L1, demonstrating the remarkable

specificity of transendocytosis and its ability to regulate PD-L1

availability.

Efficient removal of ligand by transendocytosis requires the
CTLA-4 cytoplasmic domain

The above data showed the impact of human CTLA-4 on transendo-

cytosis when expressed in CHO cells, which have proven a reliable

model for transendocytosis (Qureshi et al, 2011; Schubert et al,

2014; Hou et al, 2015; Khailaie et al, 2018). Nonetheless, to verify

these observations in immune cells, we repeated these experiments

using CTLA-4+ Jurkat T cells and B cells (DG-75) expressing

matched levels of CD80 or PD-L1 (Fig EV2D), to allow the formation

of an immune synapse. Using this system, we also investigated the

role of the CTLA-4 cytoplasmic domain, since it has been suggested

that CTLA-4 can remove CD80 from CD80:PD-L1 co-expressing cells

via trogocytosis (Tekguc et al, 2021), a process not requiring its

cytoplasmic domain.

In line with our observations in CHO cells, CD80 was effectively

downregulated over time by wild-type (WT) CTLA-4 (Fig 3A). The

downregulation of CD80 and CD86 was kinetically similar (Fig 3A–D)

with ligand donor cells being depleted by approximately 50% after

4 h. In contrast, trogocytosis by CTLA-4 Del36 (which lacks the 36

amino acids comprising the cytoplasmic domain) was much more

limited, reaching only ~ 20% downregulation by 24 h. Although the

amount of ligand acquired by the CTLA-4 recipient cells appeared

similar between WT and Del36 (e.g. lower right quadrants, Fig 3A)

this did not reflect the level of ligand downregulation from the

donor cells (upper left quadrants), since ligand is continually

degraded inside CTLA-4 cells. In contrast, monitoring ligand

downregulation (Fig 3A and B—upper left quadrants) showed that

transendocytosis by WT CTLA-4 was much more effective in

removing CD80 and CD86, than was trogocytosis by the Del36

◀ Figure 2. Transendocytosis of CD80 is not inhibited by PD-L1 co-expression.

A Transendocytosis assays were carried out overnight (as detailed in EV2) using CHO donor cells (CD80GFP alone or CD80GFP with PD-L1mCherry co-expression) incu-
bated with CTLA-4 recipient cells at a ratio of 1:1. Recipient cells either lacked CTLA-4 (No CTLA-4) or expressed CTLA-4. FACS plots show CD80GFP ligand loss from
donor cells highlighted in blue quadrants in the presence of CTLA-4+ recipients.

B Assays as in (A) but showing PD-L1 expression following CD80 transendocytosis (red shaded quadrant).
C–F Transendocytosis assays were performed at a ratio of 2 donor:1 CTLA-4 recipient for the times indicated. (C), Representative FACS plots showing CD80GFP levels

and (D) full kinetic analysis of CD80 or CD86 downregulation on donor cells quantified as a percentage relative to no CTLA-4 control (mean � SEM, three indepen-
dent experiments, ns, not significant: two-way ANOVA with Tukey’s multiple comparisons test). (E) Representative FACS plots showing PD-L1mCherry level at time
points indicated. (F) Full kinetic analysis of PD-L1mCherry level on donor cells (mean � SEM, three independent experiments).

▸Figure 3. The CTLA-4 cytoplasmic domain promotes efficient transendocytosis of CD80 and CD86.

A, B CTV-labelled B cells (DG-75) co-expressing PD-L1mCherry and CD80GFP (A) or PD-L1mCherry and CD86GFP (B) were incubated with Jurkat cells expressing no CTLA-
4, CTLA-4 WT or a mutant CTLA-4 (Del36) lacking the cytoplasmic tail. Transendocytosis was carried out at a 1:1 ratio for the indicated times and analysed by flow
cytometry. FACS plots show GFP ligand loss from donor B cells (upper left quadrants) and acquisition by Jurkat recipients (lower right quadrants).

C Levels of CD80GFP and PD-L1mCherry remaining on donor cells over a 24 h transendocytosis period with CTLA-4 WT or Del36, plotted as a percentage relative to
no CTLA-4 control (mean � SEM, six independent experiments). ****P ≤ 0.0001, RM one-way ANOVA.

D Levels of CD86GFP and PD-L1mCherry remaining on donor cells over a 24 h transendocytosis period with CTLA-4 WT or Del36 plotted relative to no CTLA-4 control
(mean � SEM, six independent experiments). ****P ≤ 0.0001, RM one-way ANOVA.

E Comparison of CTLA-4 surface expression levels in Jurkat cells expressing CTLA-4 WT or CTLA-4 Del36 as determined by anti-CTLA-4 (clone BNI3 at 1:100 dilution)
stain on ice and analysed by flow cytometry. Graph shows mean � SEM from four independent experiments, **P ≤ 0.01, Student’s two-tailed independent samples
t-test.
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mutant. This result was more notable since Del36 cells also

expressed higher levels of CTLA-4 at the cell surface, due to defec-

tive CTLA-4 endocytosis (Fig 3E). We also evaluated the downreg-

ulation of PD-L1 in these experiments and confirmed again that

PD-L1 remained stably associated with the donor cell in all

settings (Fig 3C and D). Together these data clearly established

that the CTLA-4 cytoplasmic domain promoted effective time-

dependent depletion of CD80 and CD86 ligands but that PD-L1

was not effectively removed from donor cells via either transendo-

cytosis or trogocytosis.
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Transendocytosis of CD80 effectively liberates PD-L1 over time

Given that CD80:PD-L1 interactions in cis prevent the binding of

PD-1, it is predicted that the physical removal of CD80 via

transendocytosis should restore the availability of free PD-L1. We

therefore investigated recovery of PD-1 Ig binding over time in

transendocytosis assays. We observed that PD-1 Ig did not bind to

cells co-expressing CD80 and PD-L1 at the outset or in the absence

of CTLA-4, whereas binding to CD86/PD-L1 cells was unimpaired

(Fig 4A and B, top rows). However, in the presence of WT CTLA-4

(middle rows), the loss of CD80GFP over time via transendocytosis

progressively allowed detection of PD-L1 by PD-1 Ig. Depletion of

CD80 was both CTLA-4 dependent and time-dependent, with a clear

inverse correlation between the level of CD80GFP remaining and

the detection of PD-L1 at the cell surface (Fig 4A). Once again, the

ability of CTLA-4 Del36 to recover PD-1 Ig binding was substantially

less (albeit detectable) compared to WT CTLA-4, in keeping with its

weaker ability to effectively remove CD80 (Figs 4A and 3A). As

expected, whilst transendocytosis also led to reduced expression of

CD86, this had no impact on PD-L1 detection, in keeping with the
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Figure 4. Efficient removal of CD80 by transendocytosis liberates free PD-L1 and restores PD-1 Ig binding.

A, B APC-labelled PD-1 Ig (0.75 lg/ml) was used to detect PD-L1 in DG-75 cells co-expressing CD80GFP (A) or CD86GFP (B). Staining was carried out following transendo-
cytosis using Jurkat cells expressing no CTLA-4, CTLA-4 WT or CTLA-4 Del36 (at a ratio of 1:1) for the indicated durations. (A) shows representative FACS plots of
CD80GFP vs. PD-1 Ig at the time points indicated, with full kinetic data plotted below (mean � SEM, three independent experiments, ***P ≤ 0.001, ****P ≤ 0.0001:
two-way ANOVA with Tukey’s multiple comparisons test). (B) As for (A) except using CD86-PD-L1 expressing cells.
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lack of CD86:PD-L1 interaction (Fig 4B). These data demonstrated

that binding of PD-1 Ig was remarkably sensitive to changes in

CD80 levels and that PD-L1 availability was related to the level of

CD80 expression. We repeated these experiments using anti-PD-L1

antibodies rather than PD-1 Ig to detect PD-L1. In this case, the

reduction in anti-PD-L1 staining due to CD80 co-expression was less

marked than for PD-1 Ig staining, indicating that PD-L1 detection

was dependent on the reagents used. Nonetheless, PD-L1 staining

was still impaired in the presence of CD80 (Fig EV3A). Once again

transendocytosis of CD80 by WT CTLA-4 markedly increased detec-

tion such that after 24 h, PD-L1 staining was comparable to the level

seen in the CD86 co-expressing cells, where no significant inhibition

of PD-L1 staining had occurred (Fig EV3B and C). In keeping with

the above findings, the CTLA-4 Del36 mutant did not effectively

restore PD-L1 staining—although there was a limited improvement

in staining following trogocytosis for 24 h this was not found to be

significant. Together these data revealed differences between the

ability of PD-1-Ig and antibody to detect PD-L1 as a result of CD80

interaction and that PD-1-Ig binding was generally more sensitive to

inhibition by CD80.

Given the clear relationship between CD80 expression and the

ability of PD-L1 to bind to PD-1-Ig, we carried out further experi-

ments to establish the stoichiometry at which CD80 prevents PD-L1:

PD-1 interaction. We therefore quantified the number of CD80 mole-

cules and PD-L1 molecules on several independent cell lines

(Fig EV4A–E) and calculated the ratios of CD80:PD-L1 (Fig 5A). PD-

1-Ig staining of these cells revealed that at ratios of ~ 4:1, PD1-Ig

binding was highly impaired compared to cells with no CD80

(Fig 5A). To complement this approach, we carried out a more

detailed analysis by taking a single cell line with defined PD-L1

expression and plotting a heat map of PD-1-Ig staining relative to

CD80GFP expression (Fig 5B). By gating on different levels of CD80

and calculating the ratio of PD-L1:CD80 we could then plot PD-1-Ig

binding at different ratios. Aggregated data from several indepen-

dent experiments showed that above a CD80:PD-L1 ratio of 1:1,

PD-1 binding was strongly inhibited (Fig 5C) suggesting that a 1:1

stoichiometry between CD80 and PD-L1 is effective in inhibiting

PD-1 binding.

We next examined the time-dependent recovery of PD-1 Ig bind-

ing following transendocytosis using confocal microscopy, with

similar results to our FACS experiments (Fig 6A). These data

revealed clear synaptic contacts between CTLA-4+ Jurkat cells and

B-cells expressing CD80 or CD86 alongside PD-L1. In addition,

transferred CD80 or CD86 could be observed as green vesicles inside

of CTLA-4+ cells; however, there was no evidence of transferred

PD-L1 inside CTLA-4+ cells. As expected, CD86/PD-L1 cells showed

clear plasma membrane staining by PD-1 Ig as shown by purple

staining at all time points, consistent with CD86 having no impact

on PD-1 Ig binding (Fig 6A—left column). In contrast, PD-1 Ig stain-

ing gradually recovered in CD80/PD-L1 cells at later time points, as

CD80 was removed by WT CTLA-4 (Fig 6A—middle column).

Again, the CTLA-4 Del36 mutant, whilst showing some evidence of

CD80GFP uptake, did not sufficiently deplete CD80 to enable PD-1

Ig detection (Fig 6A—right column), showing that high levels of

CTLA-4 binding per se did not release PD-L1. Accordingly, during

maintained cell–cell contacts, only WT CTLA-4 effectively removed

CD80 to reveal PD-1:PD-L1 interactions (Fig 1). Interestingly, previ-

ous data have indicated that the physical binding of CTLA-4 to the

CD80-PD-L1 heterodimer, might induce dissociation of PD-L1 and

CD80 (Garrett-Thomson et al, 2020). In such a case, we might

expect that PD-1 detection would focus at the synapse, where either

WT or Del36 engagement of CD80 should liberate free PD-L1, even

at early time points. However, we did not observe such an effect,

despite clear evidence of CTLA-4:CD80 contacts (yellow synapse),

indicating other parameters must affect this outcome. Together

these data highlighted a requirement for the physical removal of

CD80 by CTLA-4 transendocytosis and that simple binding of CD80

by CTLA-4 did not liberate free PD-L1 capable of binding PD-1.

Transendocytosis of CD80 liberates functional PD-L1

The above data unequivocally show that efficient removal of CD80

by transendocytosis restores the ability of PD-L1 to bind to soluble

PD-1-Ig. To test whether PD-L1 was functionally capable, we

designed a “3-cell” assay (Fig 7A) where CTLA-4 expressing Jurkat

cells (Jreg) were used to regulate CD80 expression on DG-75 APCs,

which expressed CD80 and PD-L1. As a readout cell, we used CTV-

labelled responder Jurkat cells, which expressed PD-1 and measured

their response to the superantigen SEE via CD69 expression. At

24 h, CD80 expression on the APC was downregulated by WT

CTLA-4 (Fig 7B). Conversely, CD28 expression on the PD-1+

responder Jurkat, was downregulated by CD80 engagement and

prevented by transendocytosis, establishing that the PD-1+ respon-

ders contacted APCs and could sense changes in CD80 levels

(Fig 7C). We then measured CD69 expression as a marker of activa-

tion on the PD-1+ responder cells and observed that in the presence

of WT CTLA-4, CD69 expression was significantly lower, in keeping

with PD-1 inhibition of CD69 expression downstream of TCR signal-

ling (Fig 7D). Moreover, this downregulation of CD69 was reversed

in the presence of blocking PD-1 antibodies. Finally, because in the

above system the responder Jurkat cell was exposed to different

levels of CD80 (and therefore CD28 costimulation) as well as PD-1

engagement, we repeated these experiments using a CD28 negative

PD-1+ responder cell. This gave similar results, indicating that the

control of CD69 via PD-1 engagement was via the TCR and not

CD28 signalling (Fig 7E). Moreover, the ability of PD-1 to reduce

CD69 expression was observed over a wide range of SEE doses

(Fig 7F). Together these data indicated that functional PD-L1:PD-1

interactions were revealed by the presence of WT CTLA-4 and not

by the Del36 CTLA-4 mutant and that PD-L1 release resulting from

CD80 transendocytosis could then functionally engage PD-1 and

inhibit TCR signals.

Abatacept alters antibody detection of PD-L1 but does not confer
PD-1 binding

The above data indicated CD80 removal by CTLA-4 transendocyto-

sis, but not simple CTLA-4 binding, was required for liberation of

competent PD-L1 expression. We therefore tested this concept in a

second experiment, studying the ability of soluble CTLA-4 (abata-

cept) to liberate PD-L1 from CD80-PD-L1 heterodimers. It has

recently been shown that soluble CTLA-4 can enhance antibody

detection of PD-L1 on cells expressing both CD80 and PD-L1

(Tekguc et al, 2021). However, the reason for such an effect is not

clear, since abatacept binds effectively to CD80 as part of a CD80:

PD-L1 heterodimer and can be used to co-immunoprecipitate PD-
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L1 (Fig EV5A) suggesting it does not necessarily displace PD-L1 on

binding. Accordingly, using B cells expressing CD80/PD-L1 or

CD80 alone, the dose–response curves of abatacept binding were

not significantly different whether or not PD-L1 was present

(Fig 8A and B), with an EC 50 of 0.25 lg/ml in the absence of

PD-L1 and 0.29 lg/ml in the presence.

A

B C

Figure 5. A 1:1 stoichiometry between PD-L1 and CD80 prevents PD-1 binding.

Molecular ratios of CD80GFP and PD-L1mCherry were determined using QuantumTM Simply Cellular� beads and ratios of PD-L1:CD80 calculated.
A Staining of free PD-L1 with APC-conjugated PD-1 Ig in DG-75 cells expressing only PD-L1mCherry, using cell lines with increasing ratios of CD80GFP: PD-L1mCherry

(as calculated in EV4) compared to CD80GFP only. FACS plots are representative of four independent experiments.
B Representative FACS plot of a single DG-75 cell line co-expressing CD80GFP and PD-L1mCherry. Heatmap colours indicate levels of PD-L1 stained by PD-1 Ig as a func-

tion of CD80GFP expression. GFP levels of each cell line were gated into fractions (indicated by dotted lines) representing different GFP expression levels and the ratio
of CD80:PD-L1 calculated and plotted against the respective APC-conjugated PD-1 Ig bound.

C Integrated data showing PD1-Ig detection as a function of the calculated ratio of CD80:PD-L1 (mean � SEM, four independent experiments).
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We also studied the impact of abatacept titrations on PD-L1

detection. In keeping with the observations of Tekguc et al (2021)

we observed that abatacept enhanced the ability of two independent

anti-PD-L1 antibodies to bind in a similar manner (Fig 8C and D).

However, neither antibody achieved the maximal staining seen in

the complete absence of CD80 or as observed following transendo-

cytosis. Remarkably, when we attempted to detect PD-L1 with PD-1

Ig rather than antibody, we did not observe any impact of Abatacept

(Fig 8C and D). Accordingly, PD-1-Ig staining remained inhibited by

CD80, even when abatacept was bound at high concentrations.

Furthermore, increasing abatacept incubation times did not substan-

tially increase the detection by PD-1 Ig, indicating that free PD-L1

was not released significantly over time following abatacept binding

(Fig 8E). In addition, we also tested the impact of a high affinity

CTLA-4-Ig (belatacept), which performed no better than abatacept

in terms of increasing PD-L1 staining (Fig EV5B–D), indicating that

binding CTLA-4 molecules more strongly to CD80 does not liberate

PD-L1 per se. Overall, these data highlight differences between the

binding of anti-PD-L1 antibodies and PD-1 Ig and indicate CTLA-4

binding to CD80 alone is insufficient for effective release of PD-L1.

Discussion

The CTLA-4 and PD-1 pathways are critical regulators of T-cell

immunity in the settings of autoimmunity and cancer immunother-

apy (Schildberg et al, 2016; Ribas & Wolchok, 2018). Understanding

the roles of these distinct pathways as well as their interactions is

therefore increasingly important therapeutically. It is now emerging

that these two pathways are functionally connected by an interac-

tion between the CTLA-4 ligand, CD80 and the PD-1 ligand, PD-L1

when expressed on the same cell (Chaudhri et al, 2018; Sugiura

et al, 2019). Thus, it is now important to understand the impact of

this interaction on both the PD-1 and CTLA-4/CD28 pathways.

Previous data on the PD-L1:CD80 interaction offer conflicting

evidence as to the nature, context and significance of this

interaction. The interaction was initially reported and characterised

using Fc–fusion proteins, which revealed CD80-Ig binding to PD-L1

expressing cells (Butte et al, 2007, 2008). Several further reports

suggested that this “trans” intercellular interaction between ligand

expressing cells resulted in inhibition of T cells responses via either

CD80 or PD-L1 (Butte et al, 2007; Paterson et al, 2011; Ni

et al, 2017; Cassady et al, 2018). However, more recently it has

emerged that the interaction between CD80 and PD-L1 in the inter-

cellular “trans” conformation is weak and likely occurs in “cis”

where CD80 and PD-L1 are expressed on the same membrane. Alter-

natively, “trans” interactions can occur where there is significant

flexibility for binding, such as when Ig-fusion proteins are used in

specific configurations (Chaudhri et al, 2018) (Sugiura et al, 2019).

Our results show that CD80-Ig stained PD-L1 expressing cells very

poorly, whereas in accordance with data from others we detected a

robust CD80:PD-L1 cis-interaction when both proteins are expressed

on the same cell. This cis CD80:PD-L1 interaction precluded PD-L1

binding to PD-1 in two independent cell types (CHO and B cells). In

line with the data from Sugiura et al (2019) we also found that

CD80 forms heterodimers with PD-L1, which can be co-precipitated

upon crosslinking, supporting a significant interaction between the

two partners.

Structural data indicate that the heterodimeric interaction

between CD80 and PD-L1 obscures the PD-1 binding site, but leaves

the overlapping CD28 and CTLA-4 binding sites, which occur via

the opposite (AGFCC’C″) face of CD80 (Sugiura et al, 2019) avail-

able. Interestingly the PD-1:PD-L1 interactions are unusual in struc-

ture and similar to interactions between VH and VL domains of an

antibody, generating a “cheek to cheek” interaction (Freeman, 2008;

Lin et al, 2008). It is the location of this binding site that appears to

be obscured by CD80 when it forms a heterodimer with PD-L1. In

contrast, for CD80 this interaction occurs at its normal dimerization

interface allowing the formation of CD80-PD-L1 heterodimers,

which are on the opposite face to the CD28/CTLA-4 binding site

(Stamper et al, 2001). Accordingly, we saw no obvious effect on

binding of CTLA-4 and CD28 as others have reported (Sugiura

◀ Figure 6. CD80/CD86 and PD-L1 are co-localised at the immune synapse during transendocytosis.

A DG-75 B cells expressing CD80GFP or CD86GFP (green) and PD-L1mCherry (red) were incubated with Jurkat cells (nuclei shown in grey) expressing CTLA-4 WT or
mutant CTLA-4 Del36 for the indicated durations and analysed by confocal microscopy. Two hours prior to assay endpoint, APC-labelled PD-1 Ig (0.75 lg/ml) was
added. CD80/CD86 and PD-L1 co-localisation at the immune synapse is shown in yellow with PD-1 Ig binding shown in purple. Scale bar, 10 lm.

B Fluorescence intensity of PD-1 Ig-APC binding to CD80/PD-L1 co-expressing B cells quantified after 3 and 24 h transendocytosis (mean � SEM of a minimum of 44
cells per condition, ****P ≤ 0.0001, ns, not significant: two-way ANOVA with Tukey’s multiple comparisons test).

▸Figure 7. CTLA-4 mediated trans-endocytosis of CD80 rescues PD-L1:PD-1 inhibition.

A Schematic of an in vitro assay to monitor CD80 transendocytosis and subsequent PD-1 mediated inhibition. CTFR-stained DG-75 cells expressing CD80 and PD-L1
were loaded with 200 ng/ml of SEE superantigen and co-incubated for 24 h with WT CTLA-4+ Jurkat T-cells (Jreg) or control CTLA-4

� Jurkat cells. CTV-stained PD-1+ve
Jurkat T-cells were used as responder cells to measure functional PD-L1-PD-1 interactions.

B Flow cytometry plots of CD80GFP levels on DG-75 B-cells (gated on CTFR+ cells) at 24 h with graphical representation of the MFI in each condition (RH graph). The Jreg
cells used, and the anti-PD-1 status is indicated above the plot.

C Flow cytometry plots of CD28 levels indicating contact between the CD80+ APC and the PD-1+ CD28+ responder Jurkat T-cells, following CD80 transendocytosis.
Graphical representation of the CD28 MFI in each condition is shown on the right.

D Flow cytometry of CD69 levels on responder Jurkat T-cells and graphical representation of CD69 MFI in each condition.
E Flow cytometry of CD69 levels on CD28KO (PD-1+) responder Jurkat T-cells and graphical representation of the CD69+ cells MFI in each condition. Cartoons on the left

of (B–E) illustrate the cell type analysed.
F As in (E), but showing MFI of CD69+ cells on responder Jurkat T-cells with titration of SEE superantigen.

Data information: Data are representative of three independent experiments showing mean � SEM. *P ≤ 0.05, **P ≤ 0.01, ns, not significant: two-way ANOVA with
Tukey’s multiple comparisons test.
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et al, 2019). These data are somewhat in contrast to the suggestion

of disrupted CD80:CTLA-4 interaction reported by Zhao et al (2019).

This study concluded that transendocytosis of CD80 was impaired.

However, our data show continued and effective binding of CTLA-4

to CD80-PD-L1 heterodimers, which allows transendocytosis to

proceed unimpaired, resulting in robust and continuous removal of

CD80 in a time dependent manner. The reason for the differences

between our observations currently remains unclear but may relate

to differences in how transendocytosis was measured. For example,

our assays tracked the loss and uptake of tagged ligands, whereas

those of Zhao utilised anti-CD80 to detect residual CD80 on Raji

cells. The latter approach is subject to blocking effects by, for exam-

ple, soluble or cleaved CTLA-4 molecules. Alternatively, there may

be differences between the B cell APCs used, for example in expres-

sion of CMTM6, which associates with PD-L1 (Burr et al, 2017;

Mezzadra et al, 2017) and might affect these results. Nonetheless,

using our system we have not observed inhibitory effects on CD80

transendocytosis resulting from co-expression of PD-L1.

Our data further show that the outcome of CTLA-4 transendocy-

tosis of CD80 is the liberation of PD-L1 that binds to PD-1, highlight-

ing that CD80 is a potential regulator of the PD-1 pathway.

Accordingly, in the context of PD-L1 co-expression, CTLA-4-

mediated depletion of CD80 regulates PD-L1 availability, thus rescu-

ing PD-1 receptor binding—in this context CTLA-4 becomes a regu-

lator of PD-1 signalling. These data are consistent with those from

Sugiura et al (2019), who showed that the level of available PD-L1

was related to the expression level of CD80 on different immune cell

types. These concepts therefore have interesting implications for

immunotherapy, where combinations of CTLA-4 and PD-L1 or PD-1

antibodies are used. For example, anti-CTLA-4 treatment would be

predicted to increase levels of CD80 (by blocking transendocytosis),

thereby potentiating CD80:PD-L1 interactions, effectively inhibiting

PD-1 functions controlled by PD-L1.

Further data have suggested that CTLA-4 proteins lacking the

cytoplasmic domain can effectively reveal PD-L1 after removing

CD80 (Tekguc et al, 2021), in a process more akin to trogocytosis

(Auscher et al, 2008; Daubeuf et al, 2010). Indeed, we also find that

CTLA-4 when highly expressed at the cell surface (due to cytoplas-

mic domain deletion) is capable of trogocytosis, with CTLA-4 Del36

capturing relatively small amounts of CD80 as seen in both flow

cytometric and microscopy assays. However, it is important to

recognise that the tailless CTLA-4 Del36 mutant is highly over-

expressed at the plasma membrane compared to WT CTLA-4,

thereby facilitating trogocytosis. In our experience, trogocytosis is

observed for many proteins following the physical disruption of cell

conjugates that is used in order to measure protein transfer between

cells using flow cytometry. In such settings, one concern is that

proteins get transferred as a result of this physical separation,

thereby possibly overestimating the amount of protein actually

captured naturally. In contrast, transendocytosis robustly depletes

CTLA-4 ligands in situ, as observed by confocal microscopy, with-

out requiring cell separation (Qureshi et al, 2011). Accordingly,

using confocal microscopy to analyse cells in contact, we did not

observe robust detection of PD-L1 following trogocytosis. Moreover,

a hallmark of transendocytosis is that it is a time sensitive process

where transfer of ligands is ongoing during cell–cell contacts. This

can result in the almost complete depletion of CD80 or CD86 given

sufficient time. We observed here that the cytoplasmic domain of

CTLA-4 was critical to this efficient time-dependent ligand transfer,

with WT CTLA-4 significantly outperforming the Del36 cytoplasmic

mutant. Therefore, whilst it is clear that high levels of surface

CTLA-4 can capture significant quantities of CD80 by trogocytosis,

the physiological importance of this compared to the transendocyto-

sis process remains unclear. It is also important to note that the

CTLA-4 cytoplasmic domain is highly conserved through mamma-

lian evolution, suggesting it has important conserved functions that

are likely to be involved in protein trafficking (Walker &

Sansom, 2011; Lo et al, 2015; Hou et al, 2017). Since there are no

reported mutations in the CTLA-4 cytoplasmic domain in humans

despite numerous CTLA-4 mutations being reported clinically (Sch-

wab et al, 2018), this attests to the importance of this region for

normal CTLA-4 function and indicates that a tailless CTLA-4 mole-

cule is not physiologically viable in humans.

A further observation from our work is the remarkable selectiv-

ity of transendocytosis. Whilst trogocytosis is generally non-

selective since other proteins are co-transferred during these

assays (Auscher et al, 2008; Daubeuf et al, 2010; Tekguc

et al, 2021), we found transendocytosis extremely selective in our

assays. Specifically, both CD80 and CD86 were depleted from B

cells and CHO cells, whilst leaving PD-L1 on the donor cell

membrane. This selectivity is not cell-type dependent, or due to

the nature of the cell contact, but seems due to the nature of

transendocytosis itself. This is all the more remarkable for CD80:

PD-L1, where despite being part of a heterodimer, only CD80 is

specifically depleted, whilst PD-L1 remains. Accordingly, CD80:

PD-L1 heterodimers must separate prior to transendocytosis,

although this is not induced per se by simple CTLA-4 binding.

Interestingly, CD80 binds more avidly to PD-L1 than it does to

itself, with interaction affinity between CD80 and PD-L1 in the low

micromolar range (Butte et al, 2007, 2008; Cheng et al, 2013). This

is somewhat stronger than the interaction between CD80 mono-

mers, which form non-covalent homodimers with ~ 50 lM affinity

◀ Figure 8. CTLA-4 Ig (Abatacept) modulates anti-PD-L1 antibody binding but fails to confer PD-1 Ig detection.

A Concatenated flow cytometry plots for Abatacept-APC binding to DG-75 cells expressing CD80 or PD-L1/CD80.
B Titration of Abatacept staining (left hand panel) and EC50 values of Abatacept (right hand panel) for CD80 only or PD-L1/CD80 co-expressing DG-75.
C Concatenated plot of a one in five serial dilution of Abatacept (starting at 10 lg/ml) followed by PD-L1 detection using antibody (MIH3 or 29E.2A3 clone) or using

PD-1 Ig, all at 1 lg/ml. DG-75 with no ligand or PD-L1 alone (far right) are shown as staining controls in the presence of 10 lg/ml of abatacept.
D Comparison of PD-L1 detection using PD-1-Ig or anti-PD-L1 antibodies (MIH3 or 29E.2A3 clone) with and without prior incubation with 10 lg/ml of abatacept, based

on data from (C).
E Graphs showing PD-L1 detection under conditions used in (C) following different Abatacept incubation periods (30 min, 3 h or 6 h).

Data information: Data are representative of three independent experiments showing mean � SEM. *P ≤ 0.05, **P ≤ 0.01, ns, not significant: paired t-test (B) or RM
one-way ANOVA (D).
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(Ikemizu et al, 2000). Nonetheless, the 0.2 lM affinity between

CTLA-4 and CD80 (Collins et al, 2002) is still highly favoured,

presumably allowing CTLA-4 to specifically deplete free CD80

molecules, which may arise during normal dissociation of these

non-covalent homo- and hetero- dimers.

A further significant observation from our work is that CTLA-4

binding by abatacept did not appear to dissociate the PD-L1:CD80

heterodimer effectively, such that PD-1 can bind. Our data show

that soluble abatacept binding to CD80 is unimpeded by co-

expression of PD-L1, consistent with the location of its binding site

relative to PD-L1 binding (Stamper et al, 2001; Sugiura et al, 2019)

Strikingly, whilst abatacept did affect staining by anti-PD-L1 anti-

bodies, it was unable to recover detection by PD-1 Ig. Given that

PD-1 Ig can readily stain free PD-L1, this suggests that abatacept

does not readily generate free PD-L1. One possibility is that bind-

ing of abatacept alters the conformation of the heterodimer, such

that high affinity antibodies can bind. Alternatively, there may be

steric issues that arise in particular cell types or at specific expres-

sion ratios that allow CD80-PD-L1 binding to be disrupted by abat-

acept. However, in our experiments binding of abatacept and its

higher affinity relative belatacept, was insufficient for liberation of

PD-L1. Given the use of abatacept clinically to treat autoimmunity

and LRBA deficiency (Chitale & Moots, 2008; Lo et al, 2015),

understanding its impact on the PD-1 pathway is of some signifi-

cance. Our data indicate that effective depletion of CD80 rather

than simple binding of CTLA-4 is required to liberate functional

PD-L1. Such a requirement for CD80 depletion is a strong fit with

the transendocytosis process itself, which is a major feature of

CTLA-4 biology.

The functional significance of the CD80:PD-L1 interaction is seen

in vivo whereby CD80 or PD-L1 mutants lacking the ability to inter-

act show attenuated immune responses due to excess engagement

of PD-1, thereby limiting tumour immunity (Sugiura et al, 2019).

This places CD80 as an accelerator or “turbocharger” of T-cell

responses by inhibiting PD-L1:PD-1 function. We would suggest that

CD80 has similar functions in the CD28/CTLA-4 pathway, whereby

its dominant binding to CTLA-4 could protect CD86 from transendo-

cytosis. Together these data raise the possibility that CD80 itself

operates as a switch, promoting enhanced T-cell responses by

inhibiting both CTLA-4 and PD-1 pathways.

Materials and Methods

Tissue culture and cell lines

All cell lines were maintained at 37°C, 5% CO2 in a humidified

atmosphere. Jurkat E6.1T cells (ATCC, TIB-152) and DG-75 B cells

(ATCC, CRL-2625) were grown in complete RPMI 1640 media

supplemented with 10% FBS, 2 mM L-Glutamine, 100 U/ml peni-

cillin and 100 mg/ml streptomycin (all from Life Technologies,

Gibco).

Chinese Hamster Ovary (CHO-K1) adherent cells (ATCC, CCL-61)

were maintained in complete DMEM media (Dulbecco’s Modified

Eagle Medium supplemented with 10% FBS, 2 mM L-Glutamine,

100 U/ml penicillin and 100 mg/ml streptomycin—all from Life

Technologies, Gibco). Cells were routinely detached with trypsin

EDTA and passaged 1 in 10.

Cell line engineering

Transduced cell lines expressed stable integrations of transgenes

using human CTLA-4, CTLA-4 Del36, PD-L1, CD80 or CD86 tagged

fusion proteins cloned into the MP71 retroviral vector. CTLA-4

Del36 was generated by introduction of a stop codon prior to the 36

amino acids comprising the cytoplasmic domain after lysine 188.

Phoenix-Amphoteric packaging cells were transfected with MP71

constructs in combination with pVSV using FUGENE HD transfec-

tion reagent (Roche Molecular Biochemical) to obtain retroviral

supernatants, which were harvested 24 h post-transfection and used

to transduce CHO, Jurkat (CTLA-4) or DG-75 (CD80, CD86, PD-L1)

cell lines. Endogenous CD80 and CD86 were initially knocked out

from DG-75 cells using CRISPR/Cas9. Ribonucleoprotein complexes

composed of 2 lg Cas9 protein (TrueCutTM Cas9 Protein v2) and

500 ng sgRNA (CD80 target: TTGAGGTATGGACACTTGGA; CD86

target sequence: GTAACCGTGTATAGATGAGC) were electroporated

into 2 × 105 target cells using the NeonTM Transfection System

(Thermo Fisher Scientific). Following recovery, cell populations

were sorted, and endogenous ligand-negative cells were selected for

further transduction with tagged fusion protein constructs. Fusion

protein constructs were generated by the addition of a C terminal

GFP (or mCherry) directly following a mutated stop codon. For

transduction, non-tissue culture treated 24-well plates were coated

with RetroNectin (TaKaRa) overnight at 30 mg/ml. 5 × 105 cells

were added to 1 ml of retroviral supernatants in the RetroNectin

pre-coated wells and centrifuged at 2000 rpm at 32°C for 2 h. Media

was changed to fresh media appropriate for each cell type 24 h post-

infection. Three days post-transduction, cells were stained for trans-

duced protein expression and analysed by flow cytometry.

Flow cytometry

Antibodies and detection reagents
APC-conjugated proteins: PD-1-Ig (Bio-Techne, 1086-PD-050), anti-

PD-L1 (Durvalumab) and CTLA-4 Ig (Abatacept & Belatacept) were

generated using the APC Conjugation Kit—Lightning-Link� accord-

ing to manufacturer’s instructions (Abcam, ab201807). APC-

conjugated anti-PD-L1 antibodies were procured from ThermoFisher

(clone MIH1 [#14-5983-82]), or Biolegend (clones MIH3 [#374513]

and 29E.2A3 [#329707]). Anti CD28-APC was procured from BD

Biosciences (#559770).

Transendocytosis assays
Ligand donor cells (CHO or DG-75 B cells) expressed CD80 or CD86

molecules C-terminally tagged with GFP and/or PD-L1 molecules

C-terminally tagged with mCherry. Donor cells were labelled with

CellTrace Violet (CTV) labelling kit (ThermoFisher Scientific)

according to the manufacturer’s instructions. CHO or Jurkat cells

expressing no CTLA-4, CTLA-4 WT or Del36 were used as recipient

cells. Donor and recipient cells were plated in round-bottom 96-well

plates at 37°C at the ratios of donor:recipient cells and incubation

times indicated in the figure legends. 20 ng/ml Staphylococcus

aureus Enterotoxin type E (Cusabio, CSB-YP320170FKZ) was added

to Jurkat: DG-75 transendocytosis assays to provide TCR stimula-

tion. Where CD28 downregualtion was investigated, DG-75 and

Jurkat cells were combined as detailed above for 3 h prior to stain-

ing for surface CD28 levels on the Jurkat recipient cells.
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Where the ability of transendocytosis of CD80 to release PD-L1

was tested, 750 ng/ml PD-1 Ig-APC or 500 ng/ml 29E.2A3 were

added to the transendocytosis setup 2 h prior to the assay endpoint.

After the indicated transendocytosis duration, cells were washed

three times with ice-cold PBS, fixed in 4% ice-cold paraformalde-

hyde in PBS for 5 min on ice and another 15 min at room tempera-

ture. Cells were analysed by flow cytometry, gating on singlets and

GFP, mCherry or APC fluorescence. Ligand loss from donor cells

(CTV+) was calculated as percentage of donor ligand remaining

(MFI) relative to the control expression following incubation with

no CTLA-4. Using the formula: ligand MFI after TE/ligand MFI with

no CTLA-4 × 100.

Flow cytometry analysis
CHO cells expressing PD-L1 alone, or co-expressing CD80GFP or

CD86GFP were stained with CD80-Ig, PD-1-Ig, CTLA-4 Ig (Abata-

cept) or a-PD-L1 clones MIH1, MIH3 or 29E.2A3 at 37°C. Antibodies

were typically used at 2 lg/ml unless otherwise stated and

secondary stained for anti-human IgG-PE. CHO cells expressing

CTLA-4 WT or CTLA-4 Del36 were surface CTLA-4 stained on ice

with anti-CTLA4-PE (BD Biosciences, clone BNI3) for 1 h. Cells were

washed three times with ice-cold PBS, fixed with ice-cold 4% PFA

in PBS for 5 min on ice and another 15 min at room temperature

and analysed by flow cytometry gating on single cells.

Where the ability of soluble CTLA-4 (Abatacept or Belatacept) to

release PD-L1 from the CD80/PD-L1 heterodimer was tested, cells

were incubated for 0.5, 3 and 6 h with a titration of Abatacept or

Belatacept (as indicated in figures) at 37°C. Cells were washed three

times and stained with either 1 lg/ml PD-1 Ig-APC or anti-PD-L1

(clones MIH3 or 29E.2A3) for 30 min at 37°C. Cells were washed

three times prior to analysis by flow cytometry.

PD-1 function assays
1 × 105 CTFR-stained DG-75 B-cells expressing PD-L1-mCherry/

CD80GFP, were mixed with 0.5 × 105 CTV-stained PD-1 + ve

Jurkat T-cells and 0.5 × 105 Jurkat T-cells (either CTLA-4�ve, CTLA-

4+ve (‘Jreg)’ or CTLA-4-Del36 mutant) in round-bottom 96-well

plates. Cells were supplemented with SEE superantigen at indicated

concentrations. 5 lg/ml of blocking anti-PD-1 antibody or hIgG1

isotype antibody (both provided by AstraZeneca) were added to

monitor PD-1 mediated effects upon activation. Cells were incubated

for 24 h at 37°C followed by washing in PBS prior to staining for

CD69 (FN50, BD Biosciences #564364) & CD28 (CD28.2, BD Bios-

ciences, #560684) for 30 min at 37°C. Cells were washed three times

followed by 4% PFA treatment prior to analysis by flow cytometry.

Confocal microscopy

Transendocytosis assays were performed as described for flow

cytometry at a ratio of 1:1 Jurkat:DG-75 cells. Jurkat cells expressing

no CTLA-4, CTLA-4 WT or CTLA-4 Del36 were labelled with CTV

and incubated with CD80GFP, CD86GFP and/or PD-L1mCherry

expressing DG-75 cells in round-bottom 96-well plates at 37°C at a

1:1 ratio Jurkat:DG-75 in the presence of 20 ng/ml Staphylococcus

aureus Enterotoxin type E for the indicated time points to permit

transendocytosis. 750 ng/ml APC-conjugated PD-1 Ig was added 2 h

prior to transendocytosis endpoint. Cells were then washed twice in

ice-cold PBS and resuspended in cold PBS. 2 × 105 cells were

transferred into a well of a 0.01% Poly-L-lysine (Sigma Aldrich)-

coated 96 well plate (Greiner Screenstar) on ice. Ice-cold 8%

paraformaldehyde in PBS was added 1:1 v/v and cells were fixed

onto the well bottom by centrifuging at room temperature for

20 min at 500 g. Following sequential washes of 2% FBS in PBS,

PBS and 0.1% Saponin, cells were stained with 2 lg/ml DAPI for

45 min at room temperature in the dark. After sequential 0.1%

Saponin, PBS and deionised water washes, cells were mounted in

Mowiol with 2.5% DABCO.

All confocal data were acquired on an inverted Nikon Eclipse Ti

equipped with a 60× oil immersion objective. Constant laser powers

and acquisition parameters were maintained throughout. Digital

images and scale bars were prepared using Fiji. Quantitation was

performed using CellProfiler 2.2.0 analysis software.

Biochemistry

For crosslinking, DG-75 cells expressing CD80GFP, PD-L1mCherry,

CD80GFP/PD-L1mCherry and CD86GFP/PD-L1mCherry were

washed three times in PBS and resuspended at 25 × 106 cells/ml in

1 mM of BS3 crosslinker (ThermoFisher, cat. # A39266). Cells were

incubated at room temperature for 30 min followed by quenching

with RPMI for 15 min; cells were then washed three times in PBS.

Cell lysates were prepared in lysis buffer containing 50 mM Tris–

HCl, pH 7.4, 50 mM NaCl, 10 mM EDTA and 1% Triton x-100

supplemented with Protease Inhibitor Cocktail (cat. Number: 5871,

Cell Signalling Technology). After 30 min incubation at 4°C with

gentle rotation, lysates were spun at 10,000 g for 10 min. Super-

natants were denatured at 100°C and processed with the Bio-Rad

MiniProtean Tetra Cell Gel Electrophoresis system. Gels were trans-

ferred to PVDF membranes and blocked for 1 h at room temperature

in TBST supplemented with 5% milk. Western blotting was

performed overnight at 4°C with the following antibodies: anti-GFP

(Chromotek cat. # 3H9), anti-RFP (Chromotek cat. # 6G6). Blots

were washed three times in TBST before secondary staining with

HRP-linked anti-Mouse (Cell Signalling Technology #7076) at room

temperature for 45 min. After incubation, blots were washed three

times in TBST. To visualise the bands, blots were incubated for

5 min in Bio-Rad Clarity ECL substrate; blots were acquired on Bio-

Rad Chemidoc.

For co-immunoprecipitation, supernatants from cell lysates were

processed with an RFP-trap (Chromotek) or with Dynabeads protein

A/protein G (ThermoFisher) combined with Abatacept. Beads and

lysates were incubated for 1 h at 4°C with gentle rotation and subse-

quently washed three times in PBST. Immuno-precipitates were

resolved by Western Blot as described for cell lysates.

Calculation of CD80:PD-L1 Ratios on DG-75 cell lines

Levels of CD80 and PD-L1 on DG-75 cells expressing either

CD80GFP or PD-L1mCherry were calculated using QuantumTM

Simply Cellular� beads (Bangs Laboratories Inc., #815) according to

manufacturer’s instructions. Saturating concentrations of anti-CD80

Alexa Fluor 700 (clone L307.4, BD Biosciences, # 561133, 5 lg/ml),

anti-PD-L1 APC clone MIH3 (Biolegend, #374514, 25 lg/ml) and

clone 29E.2A3 (Biolegend, #329708, 25 lg/ml) were determined.

Cells were washed with PBS and stained separately at room temper-

ature with each antibody diluted in PBS containing 2% FBS for
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30 min. The same staining protocol was applied in parallel to Quan-

tumTM Simply Cellular� beads. Cells and beads were washed three

times with PBS and analysed by flow cytometry.

The MFI measured in the different bead populations was used to

fit a calibration curve in the QuickCal� Excel template provided by

Bang’s Laboratories, plotting the MFI against the beads’ antibody-

binding capacity (ABC) as specified by the manufacturer. Based on

the calibration curve, the number of CD80GFP and PD-L1mCherry

molecules in DG-75 cell lines expressing different levels of each

ligand were determined. The corresponding GFP or mCherry MFIs

were used to calculate CD80GFP or PD-L1mCherry levels on cell

lines expressing both ligands, which were analysed using the same

instrument settings. To determine the CD80:PD-L1 ratio at which

free PD-L1 is available for PD-1 binding, these cell lines were

washed with PBS, stained with 1.5 lg/ml APC-conjugated PD-1 Ig

for 1 h at 37°C and washed three times with PBS prior to analysis by

FACS. GFP levels were split into seven bins and the respective

CD80:PD-L1 ratio calculated to increase resolution for plotting a

curve representing free PD-L1 detected by PD-1 Ig stain depending

on CD80:PD-L1 ratios.

Statistical analysis

Statistical analyses and significance were determined using

GraphPad Prism v9.02 software (GraphPad Software Inc.). All anal-

yses were performed in triplicate or greater and the means obtained

were used for independent t-tests or two-way ANOVA with Tukey’s

correction for multiple comparisons unless otherwise stated. No

statistical methods were used to pre-determine sample sizes. Data

distribution was assumed to be normal, but this was not formally

tested. Data collection and analysis were not performed blind to the

conditions of the experiments.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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