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In brief

CTLA4-Ig therapies, including abatacept,

are widely used in autoimmune and

inflammatory disease. Oxley et al. identify

the specific contexts where CTLA4-Ig

binding to cell surface CD80 can release

the immune inhibitory protein PD-L1. This

extends the known mechanism of action

of CTLA4-Ig therapies with implications

for their rational clinical use.
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SUMMARY
T cell surface CTLA4 sequesters the costimulatory ligands CD80 and CD86 on antigen-presenting cells
(APCs) to prevent autoimmunity. Therapeutic immunosuppression by recombinant CTLA4-immunoglobulin
(Ig) fusion proteins, including abatacept, is also attributed to CD80/CD86 blockade. Recent studies show
that CTLA4-Ig binding to APC surface cis-CD80:PD-L1 complexes can release the inhibitory ligand PD-L1,
but whether this contributes to T cell inhibition remains unclear. Here, we show that PD-L1 liberation by
CTLA4-Ig is strictly limited, both in extent and context, relative to PD-L1-competing anti-CD80 antibodies.
At APC surface CD80:PD-L1 ratios exceeding 2:1, CTLA4-Ig therapies fail to release PD-L1 regardless of their
CD80 affinity. Additionally, introducing flexibility into CTLA4-Ig by modifying its rigid homodimer interface
produces biologics that retain bivalent CD80 binding without dissociating cis-bound PD-L1. These findings
demonstrate that CTLA4-Ig therapies liberate PD-L1 through aCD80 reorientationmechanism that imposes a
strict context dependence to their PD-1 checkpoint agonism and resultant T cell inhibition.
INTRODUCTION

T cells are activated by sustained interactions with antigen-pre-

senting cells (APCs) that trigger cognate antigen-dependent

T cell receptor (TCR) signaling. Essential costimulatory signals

are provided by the APC surface ligands CD80 (B7-1) and

CD86 (B7-2), which bind the CD28 receptor on T cells.

Conversely, the CTLA4 checkpoint limits T cell activity by

sequestering these costimulatory ligands.1 CTLA4 is a rigid-

body transmembrane homodimer expressed on the surface of

activated T cells.2 While CD28 binding to APC surface CD80

and CD86 is monovalent and relatively weak, CTLA4 binding is

bivalent and high avidity.3–6 Hence, T cell surface CTLA4 inhibits

T cell activity by outcompeting CD28 for its ligands.3–5

Abundant surface CTLA4 is a hallmark of regulatory T (Treg)

cells, which restrain T cell responses to self-antigens. Upon

APC engagement, Treg cell CTLA4 sequesters CD80 and
Cell Reports 43, 114834, Octo
This is an open access article under the
CD86 and strips them from the APC surface through transendo-

cytosis.7,8 Reduced CTLA4 activity is associated with autoim-

mune disease,9,10 and CTLA4-deficient mice develop fatal

T cell-mediated multi-organ autoimmunity.11,12 Accordingly,

although CTLA4 checkpoint blockade with anti-CTLA4 anti-

bodies such as ipilimumab can trigger potent anti-tumor T cell

immunity,13 it can also cause dose-limiting immune-related

adverse events.14

Recombinant CTLA4-immunoglobulin (Ig) fusion proteins,

comprising a covalent homodimer of the human CTLA4 ectodo-

main fused to a human IgG1 Fc domain, are widely used as

immunosuppressive therapies.2,15–17 Similar to endogenous

transmembrane CTLA4, soluble CTLA4-Ig binds APC surface

CD80/CD86 to block costimulation. The CTLA4-Ig protein abata-

cept is approved for rheumatoid arthritis, juvenile idiopathic

arthritis, and psoriatic arthritis,17–19 and the closely related

CTLA4-Ig therapy belatacept is approved for kidney transplant
ber 22, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. CTLA4-Ig releases PD-L1 from human and mouse cis-CD80:PD-L1 complexes

(A) Generating CHO cell clones co-expressing CD80 and PD-L1 but with low free PD-L1 (MIH1 mAb staining). The CD80highPD-L1high/MIH1low gate from which

cis-CD80:PD-L1 clones were sorted is shown in red.

(B) Free PD-L1 measured by MIH1 mAb staining of cis-CD80:PD-L1 clone 12 cells either untreated (black) or incubated with abatacept (red) or CD28-Fc (green).

(C) Free PD-L1 measured by MIH1 mAb staining of cis-CD80:PD-L1 clone 12 cells either untreated (black) or incubated with abatacept (red) or TKMF5 (blue).

(D) Abatacept and TKMF5 dose-response showing free PD-L1 (MIH1 mAb staining) on cis-CD80:PD-L1 clone 12 cells.

(E) Flow cytometry MFI (left) and histograms (right) of Cd11c+major histocompatibility complex class II+ primary mouse conventional dendritic cells (cDCs) after

24 h LPS treatment, showing free mPD-L1 (MIH6) untreated or incubated with abatacept or TKMG48. Mean ± SD, n = 2 (untreated), n = 3 (abatacept, TKMG48),

one-way ANOVA.

(F) Abatacept and TKMG48 dose-response showing free PD-L1 (MIH1 MFI) on LPS-treated primary mouse splenic cDCs.
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rejection.20,21 Although CTLA4-Ig therapies were first approved

in 2005, additional disease indications continue to emerge. In

2021, abatacept was the first drug approved for prophylaxis of

acute graft versus host disease following hematopoietic stem

cell transplantation,22 and in recent clinical trials, abatacept pre-

vented or delayed onset of rheumatoid arthritis in at-risk individ-

uals.23,24 Based on recent promising findings in mouse models

and cancer patients, abatacept is also in phase 3 clinical trials

to alleviate acute myocarditis triggered by immune checkpoint

inhibition.25–27

Another critical immunosuppressive checkpoint comprises the

PD-1 surface receptor expressed on activated T cells and its li-

gands PD-L1 and PD-L2 expressed on cells including APCs. Li-

ganded PD-1 inhibits T cell CD28 and TCR signaling,28–31 and

antibody blockade of PD-L1/PD-1 can trigger T cell-mediated

antitumor immunity.13,32 Recently CD80 and PD-L1 were found

to bind each other in cis on the same APC surface.33–35 The cis-

CD80:PD-L1 interaction does not affect costimulatory CD80 trans

binding to CD28 but prevents inhibitory PD-L1 trans binding to

PD-1.34,35 Hence, APC surface cis-CD80:PD-L1 complexes

sequester PD-L1 to promote full T cell activation.34–37 The thera-

peutic importance of cis-CD80:PD-L1 complexes was highlighted

by a recent report describing anti-CD80 antibodies that release

PD-L1 from CD80 by direct competition.38 These antibodies

bind CD80 at or close to its PD-L1 interface, opposite its CD28

binding site39; therefore, they still allow costimulation.38 Neverthe-

less, these PD-1 agonist antibodies alleviate disease in several

mouse models of autoimmunity.38

Several recent studies have examined the functional intersec-

tion between the cis-CD80:PD-L1 complex and CTLA4.34,35,39–41
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Mutagenesis and crystallography reveal that PD-L1 binds the ho-

modimerization interface of CD80 opposite its CTLA4/CD28 bind-

ing site,39,40 raising the possibility that CD80 may simultaneously

bind PD-L1 in cis and CTLA4 in trans. However, in in vitro assays,

cis-bound PD-L1 inhibits CD80 interactions with CTLA4.35

Furthermore, a recent study shows that binding of CTLA4-Ig or

Treg cell surface CTLA4 to mouse APC surface cis-CD80:PD-L1

complexes releases PD-L1.41 A subsequent study also shows

PD-L1 release from cis-CD80 upon Treg cell CTLA4-mediated

transendocytic depletion of APC surface CD80/CD86, but

CTLA4-Ig has little effect on levels of free PD-L1.41,42 Despite

some inconsistencies, these studies raise the possibility that

CTLA4 may dampen T cell activation not only through blocking

CD80/CD86 but also by releasing free PD-L1 on the APC surface.

However, the biophysical mechanism of PD-L1 liberation by

CTLA4-Ig is unknown, and it remains unclear whether thismecha-

nism regulates T cell activity.43

RESULTS

Limited PD-L1 liberation from cis-CD80:PD-L1
complexes by abatacept (CTLA4-Ig)
To generate a platform for examining cell surface human cis-

CD80:PD-L1 complexes, we first retrovirally expressed PD-L1

in Chinese hamster ovary (CHO) cells and isolated a PD-L1high

clone (Figure 1A). Co-expression of CD80 led to cis-CD80:PD-

L1 complex formation, as evidenced by reduced binding of the

anti-PD-L1 monoclonal antibody MIH1, which detects free but

not CD80-bound PD-L144–46 (Figures 1A and S1A). Single-cell

sorting from co-transduced populations yielded several stable
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‘‘cis-CD80:PD-L1’’ clones where MIH1 staining correlated with

binding of recombinant PD-1-Fc, consistent with previous re-

ports that cis-CD80:PD-L1 complexes prevent trans-PD-

L1:PD-1 binding33–35 (Figures S1A and S1B).

Recombinant CD28-Fc and CTLA4-Ig (abatacept) are disul-

fide-linked homodimeric fusion proteins with ligand-binding

properties resembling native membrane-bound CD28 and

CTLA4.3 Whereas CD28-Fc binding to cis-CD80:PD-L1 clone

cells had no effect, clinical-grade abatacept reproducibly trig-

gered significant PD-L1 liberation, as shown by closely corre-

lated MIH1 or PD-1-Fc staining in independent cis-CD80:PD-

L1 clones (Figures 1B and S1C–S1H). In co-culture experiments,

abatacept significantly increased cis-CD80:PD-L1 clone 12 cell

interactions with PD-1 cells, which could be reversed by the clin-

ical checkpoint inhibitor nivolumab (anti-PD-1) (Figures S1I–

S1L). Human CTLA4 binds mouse (m)CD80, and, accordingly,

abatacept treatment of CHO cells co-expressing mCD80 and

mPD-L1 also triggered mPD-L1 liberation, as indicated by PD-

1-Fc binding and interactions with mPD-1 cells (Figures S2A–

S2G). In contrast to previous reports,46 we found that low

concentrations of the anti-mPD-L1 antibody clone MIH6 can

specifically detect free mPD-L1 (Figures S2H–S2L). By this mea-

sure, abatacept also liberated endogenous mPD-L1 from

mCD80 in primary mouse dendritic cells (Figures S2K–S2N).

These results build on previous observations in mouse APCs41

in support of an evolutionarily conserved cis interaction between

CD80 and PD-L1 that is susceptible to disruption by CTLA4-Ig.

A recent report described the anti-CD80 antibody TKMF5,

which competitively displaces PD-L1 from CD80.38 Treatment

of cis-CD80:PD-L1 clone 12 cells with 100 mg/mL TKMF5 trig-

gered superior PD-L1 liberation compared to abatacept/

CTLA4-Ig (Figure 1C). In dose/response studies, abatacept

released PD-L1 at concentrations as low as 1 mg/mL; however,

this reached a maximum plateau beyond 10 mg/mL (which is

below the effective serum concentration in rheumatoid arthritis

patients47; Figure 1D). In contrast, under 10 mg/mL TKMF5 did

not release PD-L1, but at higher concentrations, TKMF5

increased free PD-L1 and surpassed the effect of abatacept

(Figure 1D).

We performed similar experiments in primary mouse dendritic

cells using the anti-mCD80 antibody TKMG48, which competi-

tively releases PD-L1, similar to TKMF5.38 Once again, PD-L1

release by TKMG48 was superior to abatacept at high doses

(Figures 1E and 1F). Hence, PD-L1 release by CTLA4-Ig thera-

pies is sub-optimal relative to TKMF5/TKMG48.

Biophysical and structural models of PD-L1 liberation by
CTLA4-Ig
A recent crystal structure of the cis-CD80:PD-L1 complex (PDB:

7TPS) shows that the PD-L1 IgV-like domain engages the homo-

dimerization surface of CD80, which is opposite its CTLA4/CD28

binding face39,40 (Figures 2A and 2D). The CD80-binding surface

of PD-L1 also partially overlaps its binding site for PD-1 and the

anti-PD-L1 antibodies atezolizumab and durvalumab39,48–50

(Figure S3A), consistent with functional sequestering of PD-L1

by CD80, as observed by us and others.33,35,37,40 Since the

structured ectodomains of CD80 and PD-L1 are both �90 Å

long and similarly shaped, with 9- and 11-residue membrane-
tethered stalks, respectively,4,48,49 the�65� cis interaction angle

observed in the crystal structure tilts them toward each other and

oblique to the membrane (Figure 2A). In contrast, two CD80mol-

ecules bivalently crosslinked by homodimeric CTLA4 adopt a

parallel configuration in crystal structures (PDB: 1I8L)4 (Figures

2B and 2C). Superimposing these structures and assuming

minimal close-range membrane curvature, a rigid CTLA4 homo-

dimer cannot bivalently bind two membrane-bound cis-CD80:

PD-L1 duplexes (Figure S3B).

This structural analysis suggests two potential mechanisms by

which a CTLA4-Ig homodimer could release PD-L1 from cis-

CD80. In the first scenario, bivalent CTLA4-Ig binding reorients

one CD80 molecule, thus releasing a single PD-L1 molecule,

while the other cis-CD80:PD-L1 complex remains intact

(Figures 2B and 2E; Video S1). This model, designated ‘‘half-

liberation,’’ predicts limitations on both the extent of PD-L1 liber-

ation by CTLA4-Ig and the contexts where it occurs. It predicts

peak PD-L1 liberation by CTLA4-Ig at CD80:PD-L1 ratios around

1:1; however, even then, only half of the PD-L1 molecules on the

cell surface are released, and the other half remain sequestered

in cis-CD80:PD-L1 duplexes (Figures 2F and S3C). Importantly,

according to the half-liberation model, CTLA4-Ig binding does

not release any PD-L1 at cell surface CD80:PD-L1 ratios of 2:1

or more (Figures 2F and S3C).

In the second scenario, bivalent binding of CTLA4-Ig brings

both CD80 molecules into a membrane-perpendicular upright

position, thus releasing two PD-L1 molecules (Figures 2C and

2G; Video S2). By this ‘‘full liberation’’ model, CTLA4-Ig releases

all PD-L1 molecules regardless of CD80:PD-L1 ratio (Figures 2I

and S3C). Notably, the anti-CD80 antibody TKMF5, which

competitively displaces PD-L1 from CD80,38 is similarly pre-

dicted to release all PD-L1 molecules (Figures 2H and S3C).

Both CTLA4-Ig bivalent binding models involve reorientation

of at least one CD80 molecule so it can no longer bind mem-

brane-tethered PD-L1. However, this reoriented CD80 is pre-

dicted to still bind soluble, untethered PD-L1. Consistent with

this possibility, CTLA4-Ig treatment of cis-CD80:PD-L1 clone

cells promoted simultaneous binding of a soluble PD-L1-Fc

fusion protein (Figure S3D).

PD-L1 liberation by CTLA4-Ig is limited, and cell surface
CD80:PD-L1 ratio dependent
To determine whether CTLA4-Ig triggers PD-L1 half-liberation or

full liberation, we generated a CHO cell line co-transduced with

two retroviral vectors: one encoding CD80 fused to intracellular

monomeric Cherry (mCherry) and another encoding PD-L1 fused

to intracellular monomeric green fluorescent protein (mGFP)

(Figure S4A). This population of co-transduced cells has an

mCherry:mGFP fluorescence ratio reflecting relative surface

CD80:PD-L1 expression. Indeed, across cells with similar mid-

range PD-L1mGFP expression, free surface PD-L1 was readily

detected on CD80mCherryLOW cells but fell to background levels

in CD80mCherryHIGH cells, consistent with cis-CD80:PD-L1

complex formation (Figure 3A). Assuming similar infection effi-

ciency and fusion protein production from the CD80mCherry

and PD-L1mGFP vectors, we adjusted flow cytometry detection

parameters so the mean fluorescence intensity (MFI) of mCherry

approximately matched mGFP MFI within the co-transduced
Cell Reports 43, 114834, October 22, 2024 3



Figure 2. Structure-based models of CTLA4-Ig binding to cis-CD80:PD-L1 complexes

(A) Model of two cell surface cis-CD80:PD-L1 duplexes based on crystal structures.39 Membrane-tethered stalk regions are modeled as dotted lines to

approximate scale.

(B and C) Models of PD-L1 half-liberation (B) or full liberation (C) from cis-CD80 by CTLA4-Ig based on crystal structures.4,39

(D and E) Cartoons of (A) and (B), respectively. The PD-L1 binding site on CD80, which is similar to the CD80 homodimerization interface, is shown in black.

(F) Theoretical PD-L1 release (proportion of total PD-L1) at different CD80:PD-L1 surface ratios predicted by the half-liberation model.

(G) Cartoon of (C).

(H) Cartoon of PD-L1 full liberation from cis-CD80 by the anti-CD80 antibody TKMF5, which competitively displaces PD-L1 from CD80.38

(I) Theoretical PD-L1 release (proportion of total PD-L1) at different CD80:PD-L1 surface ratios predicted by the full liberation model.
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population (Figures 3A, 3B, and S4B). Analysis of �250,000 co-

transduced cells revealed CD80mCherry:PD-L1mGFP ratios

ranging from �1:8 to �8:1, and grouping cells within defined ra-

tio ranges revealed a near-symmetrical distribution centered

around 1:1 (Figures 3B and S4B). Binding of abatacept and ate-

zolizumab to CD80 and total PD-L1, respectively, was closely

correlated with the CD80mCherry:PD-L1mGFP fluorescence

ratio of each cell, validating functional cell surface expression

(Figure S4C). Population-wide analysis again showed abundant

free PD-L1 at low CD80mCherry:PD-L1mGFP ratios, falling to

background levels at ratios of 1:1 or more (Figure 3D).

Notably, high concentrations of CTLA4-Ig/abatacept did not

trigger population-wide PD-L1 liberation (Figures 3C, 3D, and

S4D). Abatacept liberated PD-L1 in cells with CD80mCherry:

PD-L1mGFP ratios up to �2:1 but had no effect at ratios above

2:1 regardless of absolute CD80mCherry and PD-L1mGFP

expression (Figures 3D and S4E). Calculating abatacept-

induced PD-L1 liberation as fold change relative to no treatment

revealed an observed profile (Figure 3D, bottom) resembling the

theoretical profile predicted by the PD-L1 half-liberation model

(Figure 2F), where a single CTLA4-Ig homodimer disrupts one

cis-CD80:PD-L1 duplex by crosslinking one ‘‘free’’ CD80 mole-

cule and one PD-L1-bound CD80 molecule (Figures 2B and

2E; Video S1). In contrast, high-concentration TKMF5 liberated

PD-L1 more effectively than CTLA4-Ig across a wider range of

CD80mCherry:PD-L1mGFP ratios (Figures 3C, 3D, and S4D),
4 Cell Reports 43, 114834, October 22, 2024
consistent with competitive PD-L1 full liberation (Figures 2H

and 2I). Similar results were obtained in replicate experiments

(Figure S4F).

Using CD80mCherry:PD-L1mGFP cultures, we then per-

formed dose-response studies comparing PD-L1 agonism by

TKMF5, abatacept, and a previously described CTLA4-Ig

variant with >100-fold higher affinity for CD80 (MEDI5265; here-

after designated CTLA4HA-Ig)51 (Figures 3E and S4G). At low

concentrations, CTLA4HA-Ig released more PD-L1 per cell

than abatacept, as anticipated (Figure 3E). However, PD-L1

liberation by high-concentration CTLA4-Ig/abatacept and

CTLA4HA-Ig was indistinguishable, occurring only on cells

with a CD80mCherry:PD-L1mGFP expression ratio under

�2:1 (Figure 3E). Hence, in accordance with the PD-L1 half-

liberation model, enhancing the CD80/86 affinity of CTLA4-Ig

(exemplified by MEDI5265 and belatacept20,51) does not alter

the strict context dependence of its PD-L1-liberating activity.

This was further supported by analysis of CD80mCherry:PD-

L1mGFP cell sub-populations gated on approximate expres-

sion ratios of 1:1 or 4:1 (open or closed arrowheads in Fig-

ure 3E). For 1:1 cells, PD-L1 release by abatacept and

CTLA4HA-Ig was dose dependent and converged on a defined

maximal plateau at higher concentrations (Figure 3F), similar to

cis-CD80:PD-L1 clone 12 cells (Figure 1D). In contrast, for 4:1

cells, neither CTLA4-Ig fusion liberated PD-L1, but TKMF5 did

(Figure 3F).



Figure 3. PD-L1 liberation by CTLA4-Ig depends on the surface CD80:PD-L1 ratio

(A) Flow cytometry of CHO cells co-transduced with CD80mCherry and PD-L1mGFP. For the indicated gated population (left), free PD-L1 (MIH1 staining) is

plotted against CD80mCherry level (right).

(B) As for (A) but showing the CD80mCherry+PD-L1mGFP+ population gated for export of individual MFI values (left). MFI data were used to generate a histogram

with cells binned into equally spaced CD80mCherry:PD-L1mGFPMFI ratio intervals centered around 1:1. AveragemCherry andmGFPMFI within each interval is

shown (right).

(C) Free PD-L1 (MIH1 staining) profile of CD80mCherry+PD-L1mGFP+ cells in (B), either untreated (black) or treated with abatacept (red) or TKMF5 (blue).

Numbers indicate the percentage of MIH1+ cells within the gate for each condition.

(D) Top: average free PD-L1 (MIH1 MFI) across CD80mCherry:PD-L1mGFP ratio intervals of the cells in (B) when untreated or treated with abatacept or TKMF5.

Bottom: the same data expressed as free PD-L1 fold change (relative to untreated) in response to abatacept and TKMF5.

(E) As in (D) for CD80mCherry+PD-L1mGFP+ cells untreated (black) or treated with abatacept (red), high-affinity CTLA4-Ig (CTLA4HA-Ig, orange), or TKMF5 (blue)

at concentrations of 0.6 mg/mL, 5.6 mg/mL, and 150 mg/mL.

(F) Abatacept, CTLA4HA-Ig, and TKMF5 dose-response showing free PD-L1 (MIH1 staining) on cells within the 1:1 (open arrowhead, top) and 4:1 (closed

arrowhead, bottom) CD80mCherry:PD-L1mGFP ratios indicated in (E).
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In further support of the PD-L1 half-liberation model, overex-

pressing CD80 in CD80mCherry:PD-L1mGFP cells impeded

PD-L1 release by CTLA4-Ig (Figure S4H). Importantly, this was

also seen in cis-CD80:PD-L1 clone 12 cells upon overexpression

of CD86 or theCD80mutants CD80I92R andCD80L104D, which do

not cis bind PD-L1 (Figure S4I). Hence, by allowing bivalent

CTLA4-Ig binding without cis-CD80:PD-L1 disassembly, excess

CD80 or CD86 can indirectly reduce PD-L1 release (Figure S4J).

Together, these results support half and full PD-L1 liberation

by abatacept and TKMF5, respectively, and consequent tight

limitations on the extent and context dependence of PD-L1

release by CTLA4-Ig therapies. Notably, despite these restric-

tions, abatacept releases endogenous surface PD-L1 on acti-

vated primary mouse dendritic cells (Figures 1E and 1F).

Context-dependent PD-L1 release by abatacept can
contribute to T cell inhibition
To generate cell lines with defined CD80:PD-L1 ratios, we sorted

single cells from CD80mCherry:PD-L1mGFP cultures and pro-

duced a series of clones with similar PD-L1mGFP levels but

increasing CD80mCherry expression (Figures 4A, S5A, and

S5B). Clone 1 expresses PD-L1mGFP alone and, accordingly,

has the highest free PD-L1 (Figure 4B). For clones 2–7, the
average CD80mCherry:PD-L1mGFP ratio increases incremen-

tally from �1:4 (clone 2) up to �4:1 (clone 7) with corresponding

stepwise reductions in free PD-L1 due to sequestration by CD80

(Figures 4B, S5A, and S5C). Consistent with Figure 3 cell popu-

lation observations, PD-L1 liberation by abatacept depended on

the surface CD80:PD-L1 ratio of each clone (Figures 4C, S5C,

and S5D). In clone 5 cells, where CD80mCherry and PD-

L1mGFP expression is approximately equal, abatacept and

TKMF5 both triggered PD-L1 release from CD80 (Figures 4C

and 4D). In contrast, in clone 7 cells, where CD80mCherry:PD-

L1mGFP expression is �4:1, abatacept failed to release PD-L1

despite dose-dependent activity of TKMF5 (Figures 4C and 4D).

To assess whether PD-L1 release/agonism contributes to

T cell inhibition by CTLA4-Ig, we performed in vitro primary hu-

man T cell activation assays. CD80mCherry:PD-L1mGFP clones

1–7 were first converted into artificial APCs (aAPCs) through sta-

ble retroviral expression of a membrane-bound anti-CD3 single-

chain antibody fragment (OKT3-scFv), which induces TCR

signaling (Figures 4E and S5E). Culturing naive primary human

T cells for 4 days in plates pre-seeded with these aAPCs trig-

gered T cell activation driven by synergistic TCR signaling and

costimulation and induced T cell surface PD-1 (Figures 4F and

4G). Pre-activated T cell cultures were then treated with
Cell Reports 43, 114834, October 22, 2024 5



Figure 4. Context-dependent PD-(L)1 agonism by CTLA4-Ig

(A) Flow cytometry of PD-L1mGFP and CD80mCherry fluorescence in seven clones with equivalent PD-L1mGFP and increasing CD80mCherry expression.

(B) MFI of PD-L1mGFP (far left), CD80mCherry (center left), and free PD-L1 (MIH1 staining, far right) with corresponding CD80mCherry:PD-L1mGFP ratio (center

right) for the seven CD80mCherry:PD-L1mGFP clones.

(C) Free PD-L1 (MIH1 MFI, top) and corresponding fold change (relative to untreated) of the seven CD80mCherry:PD-L1mGFP clones in response to abatacept

and TKMF5.

(D) Abatacept (top) and TKMF5 (bottom) dose-response showing free PD-L1 in CD80mCherry:PD-L1mGFP clones 5 and 7.

(E) Schematic for pre-activated primary human T cell assay.

(F) Percent IL-2+ primary human CD4 T cells cultured for 4 days with CHO cells expressing combinations of OKT3-scFv and/or CD80.

(G) PD-1 staining of CD4 T cells cultured for 4 days with the seven CD80mCherry:PD-L1 clones co-expressing OKT3-scFv (aAPC clones).

(H and I) Percentage of IL-2+ CD4 T cells (top) cultured with the seven aAPC clones for 4 days, followed by 8 h incubation with or without abatacept (H) or TKMF5

(I). Dotted lines and open circles indicate co-treatment with anti-PD-1 (nivolumab), with the corresponding fold change in the percentage of IL-2+ CD4 T cells by

anti-PD-1 addition shown below.

(J) Percentage of IL-2+ CD4 T cells following co-culture with aAPC clone 5 incubated with abatacept, TKMF5, or anti-CD28 scFv lulizumab with or without anti-

PD-1 co-treatment. Mean ± SD, n = 3, one-way ANOVA.
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biologics, and the CD4 T cell activation state was assessed by

intracellular expression of the cytokine interleukin-2 (IL-2),

shown previously to be PD-1 sensitive52 (Figure 4E).

We initially verified PD-(L)1 checkpoint function in this assay

using the anti-PD-1 antibody nivolumab. As anticipated, PD-1

blockade boosted T cell activity in cultures where aAPCs had

free surface PD-L1 (clones 2–4) but not in aAPC clone 5–7

cultures, where PD-L1 is sequestered by CD80 (Figure 4H).
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Short-term treatment with abatacept/CTLA4-Ig alone potently

suppressed T cell activity in all contexts (Figure 4H, top). This in-

hibition was unaffected by PD-1 blockade in aAPC clone 6 and 7

cultures, where the CD80:PD-L1 ratio exceeds 2:1, consistent

with earlier biophysical data suggesting that abatacept does

not engage the PD-(L)1 checkpoint in this context (Figure 4H).

For aAPC clones 2–4, which display free PD-L1, PD-1 blockade

partially reversed T cell inhibition by abatacept (Figure 4H). This
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reversal could simply reflect anti-PD-1 single-agent effects.

However, in aAPC clone 5 cultures, where surface CD80 and

PD-L1 are approximately equal, PD-1 blockade partially

reversed T cell inhibition by abatacept (approximately doubling

the number of IL-2+ T cells), but anti-PD-1 alone had no effect

(Figures 4H and 4J). In the same context, the monovalent

costimulation-blocking anti-human CD28 antibody lulizumab53

reduced T cell activation to a similar extent as abatacept, but un-

like abatacept, its effects were insensitive to PD-1 blockade (Fig-

ure 4J). These data indicate that PD-L1 release by CTLA4-Ig

therapies can contribute to immunosuppression, but only in con-

texts where APC-surface CD80 and PD-L1 are similarly abun-

dant. In the same assay, TKMF5 inhibited T cell activation

regardless of aAPC surface CD80:PD-L1 ratio, in keeping with

PD-L1 full liberation predictions (Figures 4I and 4J). TKMF5 ef-

fects were completed reversed by anti-PD-1, consistent with

its sole activity as a PD-L1 liberator that does not block costimu-

lation38 (Figures 4I and 4J).

MonomericCTLA4bindsCD80without displacing PD-L1
CTLA4 has two endogenous isoforms: a transmembrane

disulfide-linked homodimer and a secreted/soluble monomer

(sCTLA4) that lacks the transmembrane domain54 (Figure 5A).

To examine monomeric CTLA4 interactions with surface cis-

CD80:PD-L1, we fused sCTLA4 to a human IgG1 Fc domain

harboring mutations that prevent dimerization55 (MonoCTLA4-

Ig). Control dimeric CTLA4-Ig (DimCTLA4-Ig) comprised the

same monomeric Fc fused to the CTLA4 transmembrane iso-

form ectodomain, which includes Cys122 involved in covalent

homodimerization3,15 (Figures 5B and 5C). Recombinant

MonoCTLA4-Ig and DimCTLA4-Ig behaved as monomers and

dimers, respectively, by non-reducing SDS-PAGE (Figure S6A).

Abatacept and DimCTLA4-Ig binding to cis-CD80:PD-L1 clone

cells and CD80mCherry:PD-L1mGFP cultures triggered PD-L1

liberation, but MonoCTLA4-Ig did not, despite similar binding

at saturating concentrations (250 mg/mL) (Figures 5D–5F

and S6B). Consistent with structural modeling4,6 (Figure 5G),

our data demonstrate that monovalent biologics such as

MonoCTLA4-Ig and CD28-Fc do not disrupt the cis-CD80:PD-

L1 complex, whereas bivalent biologics, including abatacept

and (Dim)CTLA4-Ig, release PD-L1 (Figure 5H).

Flexible CTLA4-Ig variants do not displace PD-L1 from
CD80
Since monomeric CTLA4-Ig does not liberate PD-L1, we

reasoned that dimeric CTLA4-Ig with longer ‘‘arms’’ may retain

high-avidity bivalent CD80 binding without liberating PD-L1. To

test this, we inserted flexible Gly/Ser linkers adjacent to

the ligand-binding domains of CTLA4-Ig, displacing highly

conserved CTLA4 residues (Asp118 to Pro121; DPEP) impli-

cated previously in rigid-body homodimerization2,56 (Figures

6A and S6C–S6E). These variants were termed Flex(n)CTLA4-

Ig (with n = 30, 25, 20, 15, 10, 5, 3, 2, or 1 inserted Gly/Ser resi-

dues). Covalent homodimerization was maintained by CTLA4

stalk Cys122 and inclusion of two IgG1 hinge-region interchain

disulfide Cys residues (mutated to Ser in abatacept15). Size-

exclusion chromatography-multi-angle light scattering and

non-reducing SDS-PAGE confirmed that FlexCTLA4-Ig proteins
were not compromised by linker insertion and were produced as

disulfide-linked homodimers of predicted molecular weight

(Figure S6A and S6F–S6H).

In striking contrast to abatacept or otherwise identical control

CTLA4-Ig, FlexCTLA4-Ig biologics failed to appreciably liberate

PD-L1 despite similar binding to cis-CD80:PD-L1 cells (Figures

6B, 6C, and S6I–S6K). Similar results were obtained with

CTLA4-Ig variants rendered flexible by substituting the

conserved DPEP peptide within the stalk or by tethering two

sCTLA4 monomers to an IgG Fc scaffold (FlexsCTLA4-Ig)

(Figures S6L–S6N). For FlexCTLA4-Ig biologics with shorter

linkers, we noted that some residual PD-L1-liberating activity

was retained by Flex1CTLA4-Ig (a single Gly insertion), but this

was reduced in Flex3CTLA4-Ig and disabled with linker lengths

of 5 residues or more (Figures S7A and S7C). Similar observa-

tions were made using mouse primary splenic dendritic cells

and CHO cells expressing cis-mCD80:mPD-L1 (Figures S7B

and S7D–S7H). These data show that CTLA4-Ig rigidity is

required for CD80 reorientation and PD-L1 release, in accor-

dance with our structural models.

Bivalent binding of flexible CTLA4-Ig variants to cis-
CD80:PD-L1 complexes
The binding profile of FlexCTLA4-Ig variants to cis-CD80:PD-L1

cells suggested an avid bivalent interaction (Figure 6C). As ex-

pected, Flex1CTLA4-Ig and parental CTLA4-Ig binding to cis-

CD80:PD-L1 cells was significantly stronger than monomeric

CTLA4-Ig, and both homodimeric variants outcompetedmonova-

lent CD28-Fc with similar potency (Figures S7I and S7J). To

directly assess binding valency, fusion proteins were incubated

with cis-CD80:PD-L1 clone 12 cells, and then unoccupied

ligand-binding domains of cell-bound fusions were detected

withfluorophore-conjugated ipilimumab (anti-CTLA4;FigureS8A).

As anticipated, MonoCTLA4-Ig precluded ipilimumab association

(Figure S8B). Cis-CD80:PD-L1 cells pre-incubated with the rigid

‘‘wild type’’ CTLA4 homodimeric fusions abatacept and (Dim)

CTLA4-Ig showed ipilimumab staining (Figure S8B), indicating

that some fusion binding was monovalent. In contrast, abatacept

binding to CD80-only cells was uniformly bivalent (Figure S8C).

These data suggest an equilibrium where PD-L1 cis interactions

with CD80 partially inhibit the bivalent bridging of two CD80mole-

cules by abatacept (Figure 6D, left), resulting in somemonovalent

abatacept binding. This is consistent with a previous report

showing thatPD-L1overexpressioncan inhibitCD80:CTLA4 inter-

actions.35 However, abatacept at higher and therapeutically rele-

vantconcentrations releasedPD-L1 (Figures1Dand6C), suggest-

ing an equilibrium shift toward bivalent crosslinking that reorients

CD80 at the expense of PD-L1 binding, consistent with previously

reported split luciferase assays40 (Figure 6D, right).

Notably, binding of FlexCTLA4-Ig variants to cis-CD80:PD-L1

cells precluded subsequent ipilimumab binding (Figures 6B,

S8D, and S8E). This was not due to altered ipilimumab recogni-

tion because pre-incubation with ipilimumab prevented

FlexCTLA4-Ig cell binding (Figure S8F). These results suggest

that relaxing rigid-body CTLA4 homodimerization allows

uniformly bivalent binding of FlexCTLA4-Ig to surface cis-

CD80:PD-L1 complexes without displacing PD-L1 (Figure 6E).

Consistent with this interpretation, FlexCTLA4-Ig variants were
Cell Reports 43, 114834, October 22, 2024 7



Figure 5. Monovalent sCTLA4 and CD28-Fc do not disrupt cis-CD80:PD-L1 duplexes

(A) Schematic of endogenous CTLA4 isoforms. Regions involved in transmembrane CTLA4 homodimerization are shown as squares, disulfide bonded through

Cys122.

(B) Engineered CTLA4-Ig fusion proteins. MonoCTLA4-Ig and DimCTLA4-Ig include a human IgG1 Fc domain (gray) with S364N, Y407N, and K409T mutations

that prevent dimerization (monoFc).55

(C) CTLA4-Ig variant protein alignment showing the C-terminal residues of the CTLA4 ligand-binding domain (bold) followed by divergent sCTLA4 and trans-

membrane CTLA4 sequences. Disulfide-bonded CTLA4 Cys122 is shown in blue, and residues of fused human IgG1 Fc domain are shown in gray.

(D) Flow cytometry of cis-CD80:PD-L1 cells incubated with CTLA4-Ig fusion proteins (red), showing fusion protein binding (hIgG1 antibody), or free PD-L1 as-

sessed byMIH1 antibody or PD-1-Fc binding. Each stain was performed in a different tube to avoid potential MonoCTLA4-Ig crosslinking by anti-IgG1 antibodies.

Gated on singlets.

(E) Flow cytometry of abatacept (red) or MonoCTLA4-Ig (orange) binding (hIgG1 staining) and resulting free PD-L1 (MIH1 staining) on CD80mCherry:PD-L1mGFP

cells.

(F) Average free PD-L1 (MIH1MFI) across CD80mCherry:PD-L1mGFP ratio intervals when untreated or treated with abatacept or MonoCTLA4-Ig (top). The same

data, expressed as free PD-L1 fold change (relative to untreated) in response to abatacept and MonoCTLA4-Ig, are shown below.

(G) Structure of the human cis-CD80:PD-L1 duplex39 overlaying monovalent interactions with a CD28 homodimer (left) or monomeric CTLA4 (right). Overlays are

based the CTLA4:CD80 structure.4

(H) Models of MonoCTLA4-Ig, CD28-Fc, and CTLA4-Ig binding to cis-CD80:PD-L1 complexes.
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immunosuppressive in T cell assays with aAPC clone 5 (Fig-

ure 4E), but unlike abatacept, their effects were not reversed

by PD-1 blockade (Figure 6F).

Amelioration of inflammatory arthritis by CTLA4-Ig is
nullified by PD-L1 blockade
In rheumatoid arthritis patients and mouse models of inflamma-

tory arthritis, disease amelioration by abatacept/CTLA4-Ig is
8 Cell Reports 43, 114834, October 22, 2024
thought to be mediated by APC surface CD80 and CD86

blockade.16–19,57 Having shown that PD-L1 liberation can

contribute to T cell inhibition by CTLA4-Ig in vitro only when

the CD80:PD-L1 ratio is below 2:1, we sought to address

whether it contributes in vivo using a mouse model of collagen-

induced arthritis (CIA), where CTLA4-Ig has proven therapeutic

efficacy57 (Figure 7A). To compare CTLA4-Ig and Flex5CTLA4-

Ig in vivo, we generated versions with IgG1 Fc ‘‘LALA-PG’’



Figure 6. Flexible bivalent CTLA4-Ig variants do not liberate PD-L1 from cis-CD80

(A) Schematic of Flex(n)CTLA4-Ig (top), including a human IgG1 Fc domain (gray) with a C220S mutation but retaining IgG1 Cys226 and Cys229 to promote

interchain disulfide bonding. The protein sequence (center) indicates the FlexCTLA4-Ig Gly/Ser insertion site, marked by a red asterisk in the CTLA4 homodimer

structure (PDB: 3OSK)2 (bottom).

(B) Flow cytometry of cis-CD80:PD-L1 cells as described in Figure 5D following incubation with CTLA4-Ig or Flex5CTLA4-Ig.

(C) Free PD-L1 assessed by MIH1 antibody staining (top) upon binding of CTLA4-Ig variants to CD80mCherry:PD-L1mGFP cells measured by anti-hIgG1

antibody staining (bottom).

(D) Model of monovalent abatacept binding to intact cis-CD80:PD-L1 complexes (left) in equilibrium with bivalent CD80 binding associated with PD-L1 liberation

by a ‘‘drawbridge’’ mechanism (right).

(E) Model of bivalent FlexCTLA4-Ig binding two cis-CD80:PD-L1 complexes.

(F) Percentage of IL-2+ CD4 T cells (top) treated as in Figure 4Jwith abatacept or FlexCTLA4-Ig variants. The corresponding fold change in the percentage of IL-2+

CD4 T cells by anti-PD-1 co-treatment is shown below. Mean ± SD, n = 3, one-way ANOVA.
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mutations that abrogate Fc receptor binding.58 In the CIA mouse

arthritis model, control CTLA4-Ig suppressed disease to a similar

extent as clinical-grade abatacept, verifying Fc-independent ac-

tivity (Figure S8G). Notably, the Flex5CTLA4-Ig fusion, which

lacks PD-L1-liberating activity, failed to ameliorate arthritis but,

rather, resulted in modest exacerbation of disease (Figure S8G).

This was unexpected because previous studies indicate that

costimulation blockade alone can alleviate CIA.57 Upon further

investigation of FlexCTLA4-Ig variants, we found that, although

binding to mouse CD80 was similar to rigid CTLA4-Ig, CD86

binding was partially reduced (Figures S8H and S8I). This sug-

gests that costimulation blockade by FlexCTLA4-Ig biologics

may be compromised, making it difficult to interpret their in vivo

effects.

As an orthogonal approach to assessing in vivo PD-L1/PD-1

checkpoint agonism by CTLA4-Ig, we hypothesized that PD-L1
blockade may partially reverse CTLA4-Ig anti-arthritic effects.

Indeed, the clinical anti-human PD-L1 antibody atezolizumab,

which also blocks mouse PD-L1, nullified the anti-inflammatory

effects of abatacept in the CIA model (Figure S8J). However,

in this experiment, atezolizumab monotherapy exacerbated

arthritis, suggesting that coadministration of abatacept and ate-

zolizumabmay simply nullify the effects of each in thismodel (Fig-

ureS8J). Toexamine this further,we repeated theCIAexperiment

but also included a monovalent anti-mouse CD28 antibody that

specifically blocks costimulation.59 Tested in parallel, anti-

CD28 and CTLA4-Ig each ameliorated arthritis (Figures 7B and

7C). Although disease alleviation by CD28 blockade was partially

reversed by atezolizumab across the experimental time course

(Figure 7C), this effect was less pronounced than for abatacept

(Figure 7B). At the experimental endpoint, atezolizumab wors-

ened the arthritis scores of vehicle-treated mice (from 8.8 to
Cell Reports 43, 114834, October 22, 2024 9



Figure 7. PD-L1 blockade nullifies CTLA4-Ig immunosuppression in vivo

(A) CIA model.

(B and C) Arthritis scores after treatment of CIA mice with abatacept (CTLA4-Ig) and/or atezolizumab (anti-PD-L1) (B) or PV1 (monovalent anti-mouse CD28 scFv)

and/or atezolizumab (C). Mean ± SEM, n = 8 mice per group, two-way ANOVA with Tukey’s multiple-comparisons test.
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12.4, 1.4-fold) and anti-CD28-treated mice (from 2.6 to 5.4,

2-fold) to a similar degree (Figure 7C). In comparison, endpoint

arthritis scores of abatacept-treatedmicewereworsened by ate-

zolizumab to a greater extent (0.5–6.5, 13-fold), suggesting more

PD-L1/PD-1 checkpoint engagement by abatacept in this

context (Figure 7B). Since the PD-L1:PD-1 checkpoint clearly

limits disease in this CIAmodel, it is possible that the cancellation

of the abatacept therapeutic effect by atezolizumab results from

general checkpoint blockade rather than specific blockade of

PD-L1 released by abatacept. However, our in vivo observations

are also consistent with the possibility that CTLA4-Ig may limit

pathogenic inflammation by triggering the PD-L1/PD-1 check-

point in addition to blocking costimulation.

DISCUSSION

The CTLA4-Ig therapeutics abatacept and belatacept are

used widely in immune-mediated arthritis and transplant-related

inflammatory disease.17 To date, immunosuppression by

CTLA4-Ig has been attributed solely to blockade of CD80/

CD86 costimulation.16,17 We show here that release of PD-L1

from cis-CD80:PD-L1 complexes can contribute to T cell inhibi-

tion by CTLA4-Ig but only in specific contexts. Our results do not

diminish the therapeutic importance of CD80/CD86 blockade by

CTLA4-Ig. Indeed, we show that CTLA4-Ig can suppress T cell

activity in the absence of PD-1, in keeping with previous obser-

vations.26 However, we also identify specific contexts where

CTLA4-Ig can simultaneously block costimulation and engage

the PD-L1/PD-1 checkpoint, broadening the mechanism of ac-

tion of these common immunosuppressive therapies.

Our study establishes the potential of PD-1 checkpoint ago-

nism by CTLA4-Ig therapies but also highlights two major limita-

tions to this immune inhibitory mechanism. First, assessing

many thousands of cells with different CD80:PD-L1 expression

ratios demonstrates that CTLA4-Ig does not release PD-L1

from CD80 when surface CD80 expression exceeds PD-L1 by

2-fold or more. Second, even in optimal CD80:PD-L1 ratio con-

texts, PD-L1 release by CTLA4-Ig is well below the levels seen

with PD-L1-competitive anti-CD80 antibodies. Our observa-

tions, together with previously reported structural analyses,

support a PD-L1 half-liberation model where rigid CTLA4-Ig bi-

valently bridges one cis-CD80:PD-L1 complex and one free

CD80 molecule. Thus, CTLA4-Ig can at best only release half
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of total surface PD-L1 molecules from CD80. This mechanism

contrasts with PD-L1-competing anti-CD80 antibodies,38 which

can release PD-L1 in a CD80:PD-L1 ratio-independent and near-

complete manner. Despite superior PD-1 agonism by these an-

tibodies, unlike CTLA4-Ig they do not block CD80:CD28 costi-

mulation.38 Hence, although both classes of biologics can

disrupt cis-CD80:PD-L1 complexes, their fundamentally

different biophysical mechanisms are likely to yield distinct ther-

apeutic activities.

The CD80:PD-L1 ratio dependence of CTLA4-Ig activity may

explain previous conflicting reports as to whether CTLA4-Ig re-

leases PD-L1.41,42 Importantly, it also predicts that CTLA4-Ig ef-

fects will change as endogenous CD80 and PD-L1 expression

varies in response to inflammatory stimuli and disease state.

CD80 is upregulated by APC activation and chronic inflamma-

tion, and PD-L1 is induced by various inflammatory stimuli,

including interferons.17,32 The APC surface CD80:PD-L1 ratio

also changes upon CD80 transendocytosis by CTLA4-express-

ing cells, which leaves free PD-L1 behind.42 CTLA4 and PD-1

expression levels on effector T cells and Treg cells may also

determine whether CTLA4-induced PD-L1 liberation regulates

their activity. Since liganded PD-1 dampens both TCR and

CD28 signaling,28–31 CTLA4-induced PD-L1 liberation may

differentially regulate T cell priming based on antigenic stimulus

and the stage and type of autoimmune or inflammatory disease.

These are important considerations when deploying CTLA4-Ig

biologics as prophylactic or interventional therapies.

Our structural and functional analyses indicate that CTLA4-Ig

rigidity and bivalency are both required to release PD-L1 from

cis-CD80. Rigid homodimerization of CTLA4-Ig (and transmem-

brane CTLA4) occurs via a highly conserved interface involving

the ligand-binding domains and adjacent regions, including an

interchain disulfide bond.2 Introducing flexibility between the

two ligand-binding domains of CTLA4-Ig produces biologics

that bivalently bind cis-CD80:PD-L1 complexes without

releasing PD-L1. Hence, CTLA4-Ig indirectly triggers PD-L1

release by reorganizing cell surface CD80 into positions incom-

patible with PD-L1 binding. This mechanism is not engaged by

CD28-Fc and transmembrane CD28 because their interactions

with CD80 are monovalent.5,6 Therefore, although CTLA4 and

CD28 are both homodimers that bind CD80/CD86, their binding

valency determines whether they trigger the PD-L1/PD-1 inhibi-

tory checkpoint.
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CTLA4-Ig biologics and endogenous transmembrane CTLA4

both liberate PD-L1 from cis-CD80.41 Our model of PD-L1

half-liberation by CTLA4-Ig involves tilting of CD80-bound

CTLA4-Ig oblique to the APC cell surface. In the context of

CTLA4-expressing T cell interactions with cis-CD80:PD-L1-ex-

pressing APCs, such re-orientation of transmembrane CTLA4

may by impeded by CTLA4membrane anchoring and/or synaptic

CD80:CTLA4 crosslinking.4,60 Indeed, membrane-perpendicular

CTLA4:CD80 binding (potentially followed by CD80 transendocy-

tosis or trogocytosis) is predicted to trigger PD-L1 full liberation

on the APC surface, allowing PD-1 engagement on synapsed

T cells.41,42 This may occur when CTLA4-replete Treg cells

interact with dendritic cells, which can express abundant cis-

CD80:PD-L1 complexes.34 Regardless of the exact mechanism,

Treg cell surface CTLA4 is predicted to render dendritic cells

potently tolerogenic by simultaneously blocking CD80/CD86

and releasing PD-L1. In contrast to other PD-L1-regulatory mech-

anisms,32CTLA4-induced liberation immediately engages PD-L1-

inhibitory functions without altering its expression.

Our observations are also relevant to therapeutic CTLA4 and

PD-(L)1 checkpoint blockade in cancer. If APCs express surface

CD80 and PD-L1, thenCTLA4 blockade (e.g., with ipilimumab) or

Treg cell depletion should allowCD80 to sequester PD-L1. In this

scenario, CTLA4 inhibition is predicted to trigger CD28 costimu-

latory signaling while simultaneously protecting it (and TCR

signaling) from PD-1 inhibition. This CD80-dependent mecha-

nism is notable, given recent reports that PD-L1 expressed on

dendritic cells, rather than tumor cells, suppresses antitumor im-

munity.36,37,61,62 Our work contributes further understanding of

how CTLA4-induced PD-L1 liberation regulates T cell immunity

in different biological contexts, which may improve the rational

use of checkpoint agonists or inhibitors in autoimmunity and

cancer.

Limitations of the study
As indicated earlier, the mouse data here do not conclusively

demonstrate a functional role for PD-L1 release in immunosup-

pression by CTLA4-Ig in vivo. Having demonstrated that

CTLA4-Ig therapies can engage the PD-L1 checkpoint only at

defined CD80:PD-L1 ratios, it remains to be seen where and

when this context arises in vivo. This may be determined through

further study of mouse and human autoimmune and inflamma-

tory diseases.
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Antibodies

PD-L1-PE (clone MIH1) Thermo Fisher Cat#12-5983-42; RRID:AB_11042286

CD80-BV711 (clone L307.4) BD Biosciences Cat#568227; RRID:AB_2916855

PD-L1-BV605 (clone MIH6) BioLegend Cat#153606; RRID:AB_2814056

PD-L1-AF647 (clone MIH6) Bio-Rad Discontinued

PD-L1-PE-Cy7 (clone MIH5) Thermo Fisher Cat#25-5982-82; RRID:AB_2573509

CD80-APC (clone 16-10A1) Thermo Fisher Cat#17-0801-82; RRID:AB_469417

Human IgG1-APC (clone IS11-12E4.23.20) Miltenyi Biotec Cat#130-119-859; RRID:AB_2784378

Mouse IgG1-APC (clone RMG1-1) BioLegend Cat#406610; RRID:AB_10696420

Mouse IgG2a-PE-Cy7 (clone m2a-15F8) Thermo Fisher Cat#25-4210-82; RRID:AB_2573448

I-A/I-E MHCII-PE (clone M5/114.15.2) BioLegend Cat#107608; RRID:AB_313323

CD11b-BV711 (clone M1/70) BioLegend Cat#101242; RRID:AB_2563310

CD11c-FITC (clone HL3) BD Biosciences Cat#553801; RRID:AB_395060

CD8a-BV421 (clone 53–6.7) BioLegend Cat#100737; RRID:AB_10897101

CD28-PerCP-Cy5.5 (clone CD28.2) BioLegend Cat#302922; RRID:AB_2073718

CD4-BV711 (clone SK3) BioLegend Cat#344648; RRID:AB_2734350

IL-2-PE (clone MQ1-17H12) BioLegend Cat#500307; RRID:AB_315094

PD-1-CF488A (nivolumab) Self-made N/A

CTLA4-CF647 (ipilimumab) Self-made N/A

TKMG48 Self-made N/A

TKMF5 Self-made N/A

OPDIVO (nivolumab) Bristol Myers Squibb N/A

YERVOY (ipilimumab) Bristol Myers Squibb N/A

Tecentriq (atezolizumab) Roche N/A

Bacterial and virus strains

NEB 5-alpha Competent E. coli (High Efficiency) New England Biolabs Cat#C2987H

Biological samples

Healthy volunteer PBMC ACBD, Monash University N/A

Chemicals, peptides, and recombinant proteins

Lipopolysaccharide New England Biolabs Cat#518653

Orencia (abatacept) Bristol Myers Squibb N/A

CTLA4-Ig Self-made N/A

FlexCTLA4-Ig variants Self-made N/A

CTLA4HA-Ig Self-made N/A

MonoCTLA4-Ig Self-made N/A

CD28-Fc Self-made N/A

PD-1-Fc Absolute Antibody Cat#Pr00152–1.9

Lulizumab Pegol ProSci Cat#10-664

Brefeldin A Thermo Fisher Cat#00-4506-51

Monensin Thermo Fisher Cat#00-4505-51

SYTOX Blue Thermo Fisher Cat#S34857

Propidium Iodide Thermo Fisher Cat#P3566

CellTrace Far Red Thermo Fisher Cat#C34572

CellTrace CFSE Thermo Fisher Cat#C34554
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Intracellular Fixation and Permeabilization Buffer Set Thermo Fisher Cat#88-8824-00

CD3 MicroBead positive selection Miltenyi Biotec Cat#130-097-043

Experimental models: Cell lines

CHO Puck and Fisher63 N/A

RAW264.7 Raschke et al.64 N/A

Expi293 Thermo Fisher Cat#A14527

FreestyleTM 293-F Thermo Fisher Cat#R79007

Experimental models: Organisms/strains

Mouse: C57BL/6J wild type WEHI N/A

Mouse: DBA/1 WEHI N/A

Oligonucleotides

Ren.713 shRNA sequence:

TGCTGTTGACAGTGAGCGCAG

GAATTATAATGCTTATCTATAG

TGAAGCCACAGATGTATAGATAA

GCATTATAATTCCTATGCCTAC

TGCCTCGGA

Fellmann et al. 65 N/A

PD-L1.1684 shRNA sequence:

TGCTGTTGACAGTGAGCGCCA

GGATAGAATTTGTCGTTAATAGT

GAAGCCACAGATGTATTAACGAC

AAATTCTATCCTGATGCCTACT

GCCTCGGA

Fellmann et al. 65 N/A

CD80.598 shRNA sequence:

TGCTGTTGACAGTGAGCGCCA

GCTGTGTCGTTCAAAAGAATAG

TGAAGCCACAGATGTATTCTTTT

GAACGACACAGCTGTTGCCTA

CTGCCTCGGA

Fellmann et al. 65 N/A

CD80.1069 shRNA sequence:

TGCTGTTGACAGTGAGCGCC

AGAAGCTGTTTCAGAAGAAATA

GTGAAGCCACAGATGTATTTCT

TCTGAAACAGCTTCTGTTGCC

TACTGCCTCGGA

Fellmann et al. 65 N/A

Recombinant DNA

MSCV-IRES-BFP Self-made N/A

MSCV-PGK-Puro Clontech N/A

MSCV-IRES-mCherry Self-made N/A

LTR-miR-E-NeoR-mCherry Fellmann et al. 65 N/A

Software and algorithms

FlowLogic Inivai Technologies N/A

Prism GraphPad N/A

PyMOL Schrödinger, Inc. N/A

ASTRA 8.0.1.21 software Wyatt Technology N/A

Other

BD LSRII BD Biosciences N/A

BD LSRFortessa BD Biosciences N/A

BD Influx BD Biosciences N/A

BD FACSAria BD Biosciences N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cells were cultured at 37�C in a 10% CO2 incubator in medium containing 100 U/mL penicillin, 100 mg/mL streptomycin (Gibco), and

10% FCS (Sigma-Aldrich). CHO cells were cultured in a-Minimal Essential Medium (a-MEM; Gibco), 293T and RAW264.7 cell lines

were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco), and both human T cells and primary mouse splenocytes were

cultured in Roswell Park Memorial Institute 1640 Medium (RPMI 1640; Gibco). Freestyle 293-F cells (Thermo Fisher Scientific) were

grown at 37�C, 8% CO2, 130 rpm to a density of 23106/mL in FreeStyle 293 expression medium.

Wild type C57BL/6J primary mouse splenocytes stimulated ex vivo were of both male and female and between 12 weeks and

6 months old without appreciable differences in results.

CIA expeirments were performed with both male and female DBA/1 mice under 12 weeks old. DBA/1 mice were obtained from

Walter and Eliza Hall Institute of Medical Research (WEHI) Animal Supplies and housed in standard conditions in the WEHI Animal

Facility. Procedures were approved by the WEHI Animal Ethics Committee.

Consenting blood donors were healthy controls enrolled in a low-risk ethics study to examine blood leukocyte subset analysis

(Monash University 2020–26385 and 2022–35867) in accordance with the principles of the Declaration of Helsinki and approved

by the Monash University Human Research Ethics Committee (MUHREC).

METHOD DETAILS

Surface protein vector cloning
Mouse or human cDNA was prepared using a Verso cDNA Synthesis Kit (Thermo Fisher Scientific). Open reading frames were PCR

amplified using Q5 High Fidelity DNA Polymerase (New England BioLabs). Primers incorporated EcoRI or XhoI restriction sites allow-

ing directional cloning into MSCV-IRES-eBFP2. The following primer sequences were used, based on the indicated transcript

variants:

mCD80 (NM_001359898.1):

forward 50-TTCTCTAGGCGCCGGAATTCGCCACCATGGCTTGCAATTG-30, reverse 50-CGGAATTGATCCCGCTCGAGCTAAAG

GAAGACGGTCTGTTCAGC-3’.

mPD-L1 (NM_021893.3):

forward 50-TGTATCGAATTCATGAGGATATTTGCTGGCATTATATTCACAGCC -30, reverse 50-TCTATCCTCGAGTTACGTCTCCTC

GAATTGTGTATCATTTCGG-3’.

hCD80 (NM_005191.3):

forward 50-ATTACAGAATTCGCCACCATGGGCCACACACG-30, reverse 50-CTGAGACTCGAGTTATACAGGGCGTACACTTTCC-3’.

hPD-L1 (NM_014143.3):

forward 50-TAAGCAGAATTCGCCACCATGAGGATATTTGCTGTCTTTATATTC-30, reverse 50-TAAGCACTCGAGTTACGTCTCCTCC

AAATGTGTATC-3’.

hPD1 (NM_005018.2):

forward 50-TAAGCAGAATTCGCCACCATGCAGATCCCACAGGCG-30, reverse 50-TAAGCACTCGAGTCAGAGGGGCCAAGAG-3’.

hCD28 (NM_006139.3):

forward 50-TAAGCAGAATTCGCCACCATGCTCAGGCTGCTCTTG-30, reverse 50-CCTGTACTCGAGTCAGGAGCGATAGGCTGC-3’.

hCTLA4 (NM_005214.4 with SNP rs231775 in signal peptide):

forward 50-GTTCTAGAATTCGCCACCATGGCTTGCCTTGGATTTC-30, reverse 50-CCTGTACTCGAGTCAATTGATGGGAATAAAA

TAAGGCTGAAATTG-3’.

mCD80 and hCTLA4Y201A were cloned into MSCV-IRES-eBFP2 using NEBuilder HiFi DNA Assembly (New England BioLabs), with

the Y201A mutation introduced in the PCR primers. All vectors were sequence verified against the NCBI Reference Sequence Data-

base. Sequences encoding membrane-bound anti-human CD3 single chain antibody fragment (OKT3-scFv) were based on the pre-

viously described CD5L-OKT3-scFv-CD14 sequence66,67 (NCBI GenBank HM208750.1). Its human codon optimised open reading

frame was ordered as a gBlock (Integrated DNA Technologies) and cloned into MSCV-IRES-mCherry using NEBuilder HiFi DNA As-

sembly (New England BioLabs).

Fluorescent fusion protein vector cloning
CD80mCherry was generated by fusing full length hCD80 (NP_005182.1) residues 1–288 to a Gly/Ser linker (2 x SGGGG) followed by

monomeric mCherry.68 A XhoI restriction site encoding Leu-Glu was included between the C terminus of hCD80 and the first Ser of

the linker. PD-L1mGFPwas generated by fusing full length hPD-L1 (NP_054862.1) residues 1–290 to the sameGly/Ser linker, with the

same intervening XhoI site, followed by monomeric mEGFP.69 Sequences encoding both fusion proteins were cloned into

MSCV-Puro.

Recombinant antibody and Ig fusion protein vector cloning
The sequences for all recombinant antibodies and Ig fusion proteins generated in-house were cloned into XhoI/BglII digested

pCAGGS using NEBuilder HiFi DNA Assembly (New England BioLabs). Ig fusion protein vectors incorporated a consensus Kozak
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translation initiation sequence upstream of the human oncostatin M signal peptide15 (residues 1–25 of NP_065391.1) followed by hu-

man CTLA4 or PD-L1 ectodomain sequences, human IgG1 Fc sequences, and a C-terminal FLAG tag. MonoCTLA4-Ig includes res-

idues 37–174 of the soluble sCTLA4 isoform (NP_001032720.1) and both dimCTLA4-Ig and CTLA4HA-Ig includes residues 37–161 of

the transmembrane CTLA4 isoform (NP_005205.2). PD-L1-Fc includes residues 19–238 of the full length isoform (NP_054862.1).

DimCTLA4-Ig sequences were ordered as a gBlock (Integrated DNA Technologies), modifying codons within the IgG1 hinge region

to reduce G/C content. All CTLA4-Ig variants include a single Gln residue between the last residue of the CTLA4 ectodomain and the

first residue of the IgG1 hinge as described for abatacept.15 CTLA4HA-Ig (MEDI5265) incorporates 8 mutations (I53R, A61T, S62N,

G64S, L95A, S107A, M122Q, K130Q) that enhance binding affinity to CD80 and CD86.51 MonoCTLA4-Ig and dimCTLA4-Ig include

human IgG1 residues Glu216-Gly446 (IgG1 numbering as previously described70) with IgG1 hinge domain C220S, C226S, and

C229S mutations as described for abatacept15 and a monoFc region including S364N, Y407N, and K409T mutations that promote

N-glycosylation and prevent Fc dimerization.55,71 An IgG1 P238S substitution was also introduced to match abatacept protein

sequence. FlexCTLA4-Ig variants were generated by inserting flexible linker peptides between Ile117 and Asp118 of CTLA4, where

the soluble and transmembrane CTLA4 isoforms diverge (Figures 5C and S6D). To generate FlexCTLA4-Ig variants with varying Gly/

Ser linker lengths, a gBlock was designed to encode the longest linker (6 x GGGGS repeats) but incorporating different modified co-

dons within each GGGGS repeat to allow subsequent PCR amplification of fragments encoding shorter linkers (5 x GGGGS, 4 x

GGGGS, etc). PCR products were cloned into pCAGGS using NEBuilder HiFi DNA Assembly (New England BioLabs) as described

above. FlexCTLA4-Ig variants and their matched control CTLA4-Ig contain human IgG1 with a C220S mutation (IgG1 numbering as

previously described70) but with other IgG1 hinge residues Cys226 and Cys229 intact to promote Fc dimerization. Since these cys-

teines were reinstated in the Flex(n)CTLA4-Ig variant series to ensure covalent homodimerisation, Ig fusion proteins for in vivo use

harbored ‘‘LALA-PG’’ point mutations (human IgG1 L234A, L235A, P329G) that abrogate Fc receptor binding.58 The TKMF5 and

TKMG48 antibody variable sequences were obtained from patent US20220025051. Antibody heavy chain variable sequences

were ordered as gBlocks with a human IgG1 signal peptide (MKHLWFFLLLVAAPRWVLS) and cloned into human IgG1 heavy chain

constant region with LALA-PG point mutations. Antibody light chain variable sequences were ordered as gBlocks with human kappa

light signal peptide (MRVPAQLLGLLLLWLPGARC) and human kappa light constant region. The CD28-antagonist PV1 antibody var-

iable sequences were obtained from patent WO2002047721A1. The construct was designed as a monovalent single chain Fragment

variable antibody (scFv) with a human kappa light signal peptide (MRVPAQLLGLLLLWLPGARC), followed by light variable sequence,

(G4S)3, heavy variable sequence, GTGS linker, and 6His tail for purification as previously described.59

Protein expression and purification
CTLA4Ig fusions: Freestyle 293-F cells (Thermo Fisher Scientific) were grown at 37�C, 8%CO2, 130 rpm to a density of 23106/mL in

FreeStyle 293 expression medium, and transiently transfected with plasmid DNA and polyethyleneimine (PEI) at a 3:1 PEI:DNA ratio

(1 mg DNA per L). Cells were grown for 7 days after transfection, supplemented with Glutamax (Thermo Fisher Scientific), 0.2 mM

butyric acid (Sigma–Aldrich) and 5 g/L lupin (Solabia) 1 and 4 days after transfection. Secreted recombinant protein was purified

from the supernatant using Protein G resin (Cytiva). Protein was concentrated and applied to a Superdex 200 size exclusion column

(Cytiva) equilibrated in DPBS (Gibco). Purest fractions as judged by non-reducing SDS-PAGE were combined, concentrated to

2 mg/mL, filter sterilised and stored at �80�C. Endotoxin was quantitated using the turbidimetric method and confirmed to

be < 0.1 EU/mL for all preparations.

Antibodies: Expi293F cells (Thermo Fisher Scientific) were grown at 37�C, 8% CO2, 130 rpm to a density of 33106/mL in Expi293

expression medium, and transiently transfected with plasmid using Expifectamine (Thermo Fisher Scientific). Secreted recombinant

TKMF5 and TKMG48 were purified as for CTLA4Ig fusions. CD28-antagonist PV1 antibody was captured from supernatant using

Ni-NTA (Roche) and eluted using standard conditions. Eluatewas concentrated and applied to a Superdex 200 size exclusion column

(Cytiva) equilibrated in DPBS (Gibco). Purest fractions as judged by non-reducing SDS-PAGE were combined, concentrated to

2 mg/mL, filter sterilised and stored at �80�C. Endotoxin was quantitated using the turbidimetric method and confirmed to

be < 0.1 EU/mL for all preparations.

Size-exclusion chromatography – Multi-angle light scattering (SEC-MALS)
Size exclusion chromatography of proteins at 1.3mg/mLwas performed using a Superdex 200 Increase 10/300GL column (Cytiva) in

PBS at 25�C. This was coupled to a DAWNmulti-angle light scattering detector with eighteen angles and a 659 nm laser beam along-

side anOptilab T-rEX refractometer (Wyatt Technology). Data collection and analysis were performed using ASTRA 8.0.1.21 software

(Wyatt Technology). The refractive index of the solvent was set to 1.331, and the viscosity was set to 0.8945 cP, which are standard

parameters for PBS buffer at 659 nm. The dn/dc (refractive index increment) value for all samples was defined as 0.185 mL/g.

Commercial recombinant Fc fusion proteins
The following laboratory grade mouse Fc fusion proteins were used: mCTLA4-Fc (mouse IgG1, Absolute Antibody), mPD-1-Fc

(mouse IgG2a, Absolute Antibody), mCD28-Fc (human IgG1-6His, Sino Biological). The following commercial human Fc fusion pro-

teins were used: CTLA4-Fc (human IgG1, Absolute Antibody), PD-1-Fc (mouse IgG2a, Sapphire Bioscience). Clinical grade abata-

cept (Bristol-Myers Squibb) was used.
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Cell culture
Cells were cultured at 37�C in a 10%CO2 incubator in medium containing 100 U/mL penicillin, 100 mg/mL streptomycin (Gibco), and

10% FCS (Sigma-Aldrich). CHO cells were cultured in a-Minimal Essential Medium (a-MEM; Gibco), 293T and RAW264.7 cell lines

were cultured in Dulbecco’s Modified Eagle Medium (DMEM; Gibco), and both primary human T cells and primary mouse spleno-

cytes were cultured in Roswell Park Memorial Institute 1640 Medium (RPMI 1640; Gibco). Cells were detached for passaging or har-

vest with Trypsin-EDTA (Gibco). For retrovirus production, expression and packaging vectors were introduced into 293T cells by cal-

cium phosphate transfection, and retroviral transduction of CHO cells was performed using standard protocols. Primary mouse

splenocytes were treated with 1 mg/mL LPS (Thermo Fisher).

Cell-cell interaction assays
Cells were harvested using TrypLE Express Dissociation Reagent (Gibco), before staining with 1.5 mM of either Cell Trace Far Red

(CTFR) or carboxyfluorescein succinimidyl ester (CFSE) following manufacturer protocols. Following staining, 1.5 x 105 cells from

each stained population were incubated together in a 96 well U-bottom plate in a final volume of 200 mL of interaction assay buffer

comprising 10% (v/v) heat-inactivated FCS, 50 mMEDTA, and 1% (v/v) HEPES in PBS. For assays using CD28 or CTLA4 expressing

cells, 1 x 105 unlabelled, CFSE and CTFR cells each were incubated together in a 96 well plate. Where required, blocking antibodies

were immediately added to combined cells: either 50 mg/mL anti-hCD28 (clone TGN1412), 0.625 mg/mL ipilimumab (Bristol-Myers

Squibb) or 0.5 mg/mL nivolumab (Bristol-Myers Squibb). The Fc fusion proteins abatacept, hCTLA4-Fc, or CD28-Fc were added

concurrently at 50 mg/mL. For cell-cell interaction assays, cells were spun at 20g for 1 min, before incubating at 37�C, 10% CO2

for 45 min. Cells were analyzed on an LSR Fortessa (BD Biosciences) using the High Throughput Sampler with acquisition settings

of 0.5 mL/s sample flow rate, 100 mL sample and mixing volume, 50 mL/s mixing speed, and 2 mixes per sample. For co-culture ex-

periments, stained cells were incubated together in the presence of the relevant blocking Abs, as well as either anti-hPD-L1-PE

(0.5 mg/mL, clone MIH1) or hPD-1-Fc (100 mg/mL) and anti-mIgG2a-APC or -PE-Cy7 (50 mg/mL). Cells were incubated together at

37�C and 10% CO2 for 45 min and analyzed on either LSR II or LSR Fortessa instruments (BD Biosciences).

RAW264.7 cell knockdown
RAW264.7 cells were retrovirally transduced with the LENC (LTR-miR-E-NeoR-mCherry) retroviral vector65 stably express micro-

RNA-based shRNAs targeting mPD-L1 (mPD-L1.1684), mCD80 (mCD80.598 and 1069), or negative control Renilla luciferase

(Ren.713).

Flow cytometry of cultured cells
Harvested cells were washed with PBS. To assess binding of fusion proteins, cells were incubated with 50 mL of 10 mg/mL fusion

protein for 20 min on ice unless otherwise stated, washed and then stained with 50 mL of the relevant anti-Fc secondary antibody

for a further 20 min on ice. Antibodies against other antigens including free PD-L1 were only included in the secondary stain. After

washing to remove excess fusion protein and antibody, cell pellets were resuspended in 100 mL of FACS buffer (PBS with 10%

FCS). Flow cytometry was performed on viable cells (based on SSC/FSC, SYTOX Blue dead cell stain (Thermo Fisher), or propidium

iodide (Thermo Fisher)) using a BD LSRII or LSRFortessa (BD Biosciences), and cell sorting was performed using a BD Influx or BD

FACSAria (BD Biosciences) with a 100 mm nozzle. Mouse antigens were detected using the following antibodies: mPD-L1-PE-Cy7

(clone MIH5, Thermo Fisher), mPD-L1-AF647 (clone MIH6, Bio-Rad), mPD-L1-BV605 (clone MIH6, BioLegend), mCD80-APC (clone

16-10A1, Thermo Fisher), mCD11c-FITC (clone HL3, BD Biosciences), mCD11b (clone M1/70, BD Biosciences), mI-A/I-E-PE (clone

M5/114.15.2, BioLegend), mCD8a-BV421 (clone 53–6.7, BioLegend). Human antigens were detected using the following antibodies:

PD-L1-PE (clone MIH1, Thermo Fisher), CD80-BV711 (clone L307.4, BD Biosciences), CD28-PerCP-Cy5.5 (clone CD28.2,

BioLegend), CD4-BV711 (clone SK3, BioLegend), and IL-2-PE (clone MQ1-17H12, BioLegend). MIH1 and MIH6 staining times

and concentrations were optimised for selective staining of free PD-L1 only. Human CTLA4 was detected with ipilimumab directly

conjugated to CF647 usingMix-n-Stain CF647 antibody labeling kit (Merck). Human PD-1 was detected with nivolumab directly con-

jugated to CF488A using Mix-n-Stain CF488A antibody labeling kit (Merck). Binding of unconjugated human IgG1 antibodies and Ig

protein fusions was detected using an anti-human IgG1-APC secondary (clone IS11-12E4.23.20, Miltenyi Biotec). Binding of mouse

IgG1 Ig protein fusions was detected using an anti-mouse IgG1-APC secondary (clone RMG1-1, BioLegend). Binding of mouse

IgG2a Ig protein fusions was detected using an anti-mouse IgG2a-PE-Cy7 secondary (clone m2a-15F8, Thermo Fisher).

CD80mCherry:PD-L1mGFP population analysis
At least 250,000 mCherry/mGFP double-positive cells were recorded by flow cytometry. mCherry, mGFP, and free PD-L1 MIH1 MFI

values for double-positive events were exported. Assuming a 1:1 infection, mCherry and mGFPMFI values were independently nor-

malised against the average of all double-positive events, then mCherry:mGFP ratio was determined for each event. MIH1 MFI and

the log2(mCherry:mGFP ratio) for each event was transferred into a Pivot Table. The average MIH1 MFI was determined for events

grouped in intervals of 0.1–0.2 log2(mCherry:mGFP ratio). Fold changes were determined for untreated and treated samples. To

generate clones, CD80mCherry:PD-L1mGFP cells were sorted based on a tight gate of PD-L1mGFP expression followed by gating
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for 10 incremental degrees of CD80mCherry expression. 48 cells were sorted into individual 96-well plate wells per increment of

CD80mCherry expression, and 26 of the resulting clones were screened for an equivalently high level of PD-L1mGFP expression

and an even spread of CD80mCherry expression.

Cell dissociation assay
cis-CD80:PD-L1 Clone 12 cells were stained with 20 mL of 10 mg/mL fusion protein for 20 min. Following washing, cells were resus-

pended in 4 mL of media and incubated at 37�C and 10% CO2 for various periods. Cells were then pelleted to remove media and

stained with anti-human IgG1 as per flow cytometry staining protocols.

Primary human T cell assays
Consenting blood donors were healthy controls enrolled in a low-risk ethics study to examine blood leukocyte subset analysis (Mon-

ash University 2020–26385 and 2022–35867) in accordance with the principles of the Declaration of Helsinki and approved by the

Monash University Human Research Ethics Committee (MUHREC). T cells were purified (>95%) from thawed PBMCs by MACS

cell separation using human CD3 MicroBeads (Miltenyi Biotec). 100,000 T cells/well were seeded in a 12-well plate pre-seeded

with 150,000 of the indicated CHO aAPC cells. Cells were co-cultured in 2 mL RPMI with 20% FCS and penicillin/streptomycin. After

4 days, cells from each co-culture were harvested and distributed into separate wells for each treatment condition on a 96-well plate

pre-seeded with another 30,000 CHO aAPC cells. In 100 mL co-cultures cells were treated with 50 mg/mL CTLA4-Ig, FlexCTLA4-Ig

variants, TKMF5, nivolumab, or 7.5 mg/mL lulizumab (ProSci) as indicated in Figures 4E–4J and 6F. After 4 h, each well is treated with

3 mg/mL Brefeldin A (Thermo Fisher) and 2 mM monensin (Thermo Fisher) for a further 4 h. At harvest, T cells are stained with anti-

bodies against CD4 and PD-1, and undergo fixation and permeabilization for intracellular IL-2 staining. T cell activation was assessed

by IL-2 expression.

Collagen induced arthritis (CIA) mouse model
Collagen induced arthritis was induced as previously described.72 Briefly, DBA/1 mice aged 8–12 weeks were obtained from Walter

and Eliza Hall Institute of Medical Research (WEHI) Animal Supplies and housed in standard conditions in the WEHI Animal Facility.

Procedures were approved by the WEHI Animal Ethics Committee. Mice were immunized intradermally with chicken collagen type II

(CII) (2 mg/mL; Sigma-Aldrich) emulsified in an equal volume of Freund’s complete adjuvant (CFA) containing 5 mg/mL heat-killed

Mycobacterium tuberculosis H37RA (Difco) on day 0. Mice received a booster intradermal injection of CII emulsified in incomplete

Freund’s adjuvant (IFA) on day 21. At 4 days after booster immunization prior to the onset of arthritis, mice were randomly assigned

to receive intraperitoneal injection of vehicle (PBS) or 100 mg fusion proteins and/or antibodies with the indicated schedule. Clinical

assessment for each paw used the following scoring system: 0, no edema/erythema; 1, inflamed digits; 2, mild edema/erythema over

one surface of paw; 3, edema/erythema involving the entirety of paw; and 4, edema/erythema involving the entirety of paw and joint

ankylosis. Scores were added for all four paws to generate a composite score (maximum score 16). Mice were considered to have

arthritis when two consecutive positive evaluations were obtained. Where swelling was restricted to digits, the maximum score for

the affected limb was 1, regardless of severity.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses of statistical significance were determined using GraphPad Prism 10.2.0. Details of the statistical tests used, the number of

replicates, and confidence intervals shown are indicated in the figure legends. Significance was defined as p < 0.05.
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