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Restriction of PD-1 function by
cis-PD-L1/CD80 interactions is
required for optimal T cell responses
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Targeted blockade of PD-1 with immune checkpoint inhibitors can activate Tcells to destroy
tumors. PD-1 is believed to function mainly at the effector, but not in the activation, phase
of Tcell responses, yet how PD-1 function is restricted at the activation stage is currently
unknown. Here we demonstrate that CD80 interacts with PD-L1 in cis on antigen-presenting
cells (APCs) to disrupt PD-L1/PD-1 binding. Subsequently, PD-L1 cannot engage PD-1 to
inhibit Tcell activation when APCs express substantial amounts of CD80. In knock-in mice
in which cis-PD-L1/CD80 interactions do not occur, tumor immunity and autoimmune
responses were greatly attenuated by PD-1.These findings indicate that CD80 on APCs
limits the PD-1 coinhibitory signal,while promotingCD28-mediated costimulation, and highlight
critical components for induction of optimal immune responses.

C
ancer immunotherapies targeting the in-
hibitory co-receptors PD-1 and CTLA-4
have revolutionized cancer treatment and
demonstrated durable clinical benefit for
several types of tumors (1, 2). Such immuno-

therapies aim to destroy cancer by activating
tumor-specific T cells that are otherwise non-
responsive. In addition to tumor-specific T cells,
the targeted blockade of PD-1 or CTLA-4 can also
activate autoreactive T cells to cause destruction to
various tissues, which has been collectively termed
immune-related adverse events (1, 2). The eradica-
tion of tumors and the subsequent development of
immune-related adverse events in patients receiv-
ing PD-1– or CTLA-4–targeted immunotherapies
have highlighted their importance in cancer and
autoimmunity (1–7). When PD-1 interacts with
either of two ligands, PD-L1 or PD-L2, it inhibits
T cell receptor (TCR) activation signals by recruit-
ing the SHP-2 protein tyrosine phosphatase (3, 6, 7).
By contrast, CTLA-4 has been shown to suppress
T cell activation upon interactingwith either CD80
or CD86 by transducing inhibitory signals and/or
hampering engagement of the costimulatory pro-
tein CD28 (in part due to the 10- to 20-fold higher
affinity for CD80/86 compared with CD28) (4, 5).
AlthoughPD-1 is a potent coinhibitory receptor,

PD-1 signaling does not necessarily abolish all
immune responses (3, 6, 7). It is generally believed
that PD-1 mostly functions in effector T cells,
whereas CTLA-4 mainly targets the T cell activa-
tion phase (8, 9). The expression of PD-L1 but not
CD80/86 on tumor and tissue-parenchymal cells,
and the requirement of CD28 for the activation
of naïve T cells, have been proposed to account
for the key roles of PD-1 and CTLA-4 at effector

and activation phases, respectively (8, 9). In addi-
tion, delayedPD-1 expression is thought to explain
its limited effect at the early stage of T cell activa-
tion (8, 9). However, PD-L1 and PD-L2 are also
expressed on antigen-presenting cells (APCs), and
PD-1 is expressed onT cellswithin several hours of
antigen stimulation (10–12). Therefore, the mech-
anisms underlying the differential regulation of
the function of PD-1 at the activation versus effector
phase of T cell responses are currently unclear.
Although PD-L1 and CD80 are well recognized

as ligands of PD-1 and CD28/CTLA-4, respectively
(3, 6, 7), previous studies showed that these two
molecules also interact with each other (13, 14).
Furthermore,PD-L1onTcells can interactwithCD80
on APCs, and CD80 on T cells engages PD-L1 on
APCs (i.e., trans-PD-L1/CD80 and trans-CD80/PD-
L1 interactions, respectively) to transduce coinhibi-
tory signals for T cell activation (13, 15). However,
the molecular bases of coinhibition and the physio-
logical significance of the trans interactions between
PD-L1 and CD80 remain unclear (16, 17). By con-
trast, other studies reported that PD-L1 and CD80 in-
teract in cis when these molecules are overexpressed
on the same cell (18, 19). Because of these contro-
versial reports, theactualmodeand thephysiological
relevance of their interaction are currently unclear.
In this study, we found that CD80 physio-

logically interacts with PD-L1 in cis on primary
activated dendritic cells (DCs), which interferes
with PD-L1/PD-1 binding and subsequently abro-
gates the function of PD-1. By generating knock-
in mice harboring PD-L1- and CD80-mutants
that cannot form the cis-PD-L1/CD80 duplex, we
demonstrate that the function of PD-1 is persist-
ently restricted by cis-PD-L1/CD80 interactions,
which underlie the induction of optimal immune
responses against foreign-, tumor-associated–, and
self-antigens. Our findings reveal how costim-
ulatory and coinhibitory signals are regulated to
optimize beneficial immunity while suppressing
deleterious immune responses.

CD80 interacts with PD-L1 in cis to
disrupt PD-L1/PD-1 binding
To test whether PD-1 is actually engaged by its
ligands during T cell activation by physiological
APCs, we examined the binding capacities of
PD-1 to activated CD8a+ and CD11b+ splenic DCs
and thioglycollate-induced peritoneal macrophages
(TG-MFs) using the soluble form of the extra-
cellular region of mouse PD-1 (PD-1-EC) (Fig. 1A
and fig. S1). Intriguingly, PD-1-EC–binding ca-
pacities of these three cell populations largely
differed, despite having similar and high PD-L1
expression levels. TG-MFs strongly bound PD-1-
EC, whereas CD8a+ and CD11b+ DCs weakly
bound PD-1-EC. We next examined the possible
involvement of CD80, given that its expression
levels on CD8a+ and CD11b+ DCs were much
higher than those on TG-MFs (Fig. 1A) and be-
cause CD80 reportedly interacts with PD-L1
(13–15, 18–20). We found that CD8a+ and CD11b+

DCs from CD80-deficient mice (Cd80–/–) bound
PD-1-EC as strongly as TG-MFs, indicating that
CD80 is required for the weak association be-
tween CD8a+ and CD11b+ DCs and PD-1-EC in
wild-type mice (Fig. 1A and fig. S2A). Because
DCs fromPD-L1–deficientmice (Cd274–/–) scarcely
bound PD-1-EC, but were substantially stained
with an antibody (Ab) against PD-L2 (anti-PD-L2),
PD-1-EC binding was determined to be mostly
dependent on PD-L1 (Fig. 1A and fig. S2B). In flow
cytometry, staining intensities largely depend on
the quality of Abs. Therefore the strong signal
obtained from the anti–PD-L2Abmight have been
due to the high detection efficiency, rather than
the actual PD-L2 expression level on these DCs.
Furthermore, the expression of CD80 on TG-MFs
was not sufficiently increased to substantially
interfere with PD-L1/PD-1 binding, and the bind-
ing between PD-1-EC and TG-MFs was not
changed by CD80 deficiency (Fig. 1A).
Next, we overexpressed PD-L1 in various B cell

lines that harbored varying CD80 expression
levels, and tested the ability to bind PD-1-EC (Fig.
1B). PD-1-EC–binding intensities did not correlate
with PD-L1 expression levels. PD-L1–overexpressing
CH12F3-2A and BCL1-B20 cells were found to
only weakly bind PD-1-EC despite their high PD-L1
expression. Notably, CH12F3-2A and BCL1-B20
cells showed high expression of CD80, and the
PD-1-EC–binding ability of PD-L1–overexpressing
B cell lines negatively correlated with CD80 ex-
pression, suggesting that CD80 interferes with
the PD-L1/PD-1 association (Fig. 1C).
We directly testedwhether PD-L1/PD-1 binding

was disrupted by CD80. Mouse IIA1.6 B cell
lymphoma lines express PD-L1 but not PD-L2.
Thus, we knocked out the gene encoding PD-L1
using the CRISPR-Cas9 system in IIA1.6 B cells
(hereafter termed IIA1.6DPD-L1 B cells) (fig. S3A)
(21, 22). Then we evaluated the PD-1–binding
capacities of IIA1.6DPD-L1 cells overexpressing
PD-L1, PD-L2, CD80, and CD86 in various com-
binations by using PD-1-EC. PD-1-EC binding
to IIA1.6DPD-L1 B cells overexpressing PD-L1
(i.e., IIA1.6DPD-L1-PD-L1 B cells) was completely
blocked by the simultaneous overexpression of
CD80 but not CD86 (Fig. 1D). By contrast, PD-1-EC
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Fig. 1. Disruption of PD-L1/PD-1 binding by cis-PD-L1/CD80 interactions
results in impaired PD-1–mediated Tcell suppression. (A) Weak binding
of PD-1-EC to splenic mature DCs. Binding intensities of PD-1-EC and
anti–PD-L1, anti–PD-L2, or anti-CD80 to LPS-activated splenic CD8a+ and
CD11b+ DCs and TG-MFs from wild-type (WT), Cd80–/–, Cd274–/– mice are
shown. Shaded histograms represent isotype control staining. (B and C)
Attenuated binding of PD-1-EC to CD80-expressing B cell lines overexpressing
PD-L1. Binding intensities of PD-1-EC and indicated Abs to IIA1.6,WEHI-231.5,
CH12F3-2A, and BCL1-B20 cells overexpressing PD-L1 are shown. Shaded
histograms represent isotype control staining (B). Mean of fluorescent
intensities (MFI) of PD-1-EC and anti-CD80 are plotted for B cell lines
overexpressing PD-L1. The solid line represents the regression line. The
correlation coefficient is indicated (C). (D to F) cis-PD-L1/CD80 interactions
interfere with PD-L1/PD-1 binding. Binding intensities of PD-1-EC and
indicated Abs to IIA1.6DPD-L1 B cells expressing PD-L1 (D) or PD-L2 (E) with
CD80 or CD86 are shown. Binding intensities of PD-1-EC and anti–PD-L1
to IIA1.6DPD-L1-PD-L1 B cells with or without coculture with IIA1.6DPD-L1-

mock or IIA1.6DPD-L1-CD80 B cells are shown (F). (G) Coimmunoprecipita-
tion of CD80 but not CD86 with PD-L1. Green, red, and yellow arrowheads
indicate monomeric PD-L1, CD80 or CD86, and PD-L1/CD80 heterodimer,
respectively. WCL: whole-cell lysates without cross-linking. (H to J) IL-2
production from PD-1-sufficient (left) or -deficient (right) DO11.10 Tcells upon
coculture with indicated APCs pulsed with the indicated amount of antigenic
peptide. Percentage of PD-1–mediated inhibition of IL-2 production is
indicated. (K) Binding intensities of Abs against PD-L1 (left) and CD80 (right)
on IIA1.6DPD-L1 B cells expressing these molecules at different levels.
(L) Binding intensities of PD-1-EC on IIA1.6DPD-L1 B cells expressing PD-L1 at
the highest level and CD80 at different levels. (M) Heatmap showing relative
binding intensities of PD-1-EC on IIA1.6DPD-L1 B cells with 25 differential
expression patterns of PD-L1 and CD80. (N) Heatmap showing the
percentage of PD-1–mediated inhibition of IL-2 production from DO11.10
Tcells elicited by IIA1.6DPD-L1 B cells with 25 differential expression patterns
of PD-L1 and CD80. Error bars denote SEM. Representative data from more
than three independent experiments are shown (A to N).
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binding to IIA1.6DPD-L1-PD-L2 B cells was not
affected by the simultaneous overexpression of
CD80 and CD86 (Fig. 1E). The addition of
IIA1.6DPD-L1-CD80 B cells to IIA1.6DPD-L1-
PD-L1 B cells, which permits trans- but not cis-
interactions of PD-L1 and CD80, did not affect
PD-1-EC binding to IIA1.6DPD-L1-PD-L1 B cells,
indicating that CD80 needs to be expressed on
the same cell to interfere with PD-L1/PD-1 bind-
ing (Fig. 1F). Notably, the cis-PD-L1/CD80 in-
teraction did not interfere with CD80/CD28 or
CD80/CTLA-4 binding (fig. S4A). To examine the
effect of cis-PD-L1/CD80 interactions on the
costimulatory and coinhibitory functions of CD28
and CTLA-4, respectively, we generated DO11.10
T cells deficient in PD-L1, PD-1, and CD28 (termed
DO11.10DPD-L1DPD-1DCD28T cells) using CRISPR-
Cas9 and compared these cells with or without
overexpression of CD28 and CTLA-4 (fig. S3B).
We observed comparable costimulatory and co-
inhibitory effects of CD28 and CTLA-4 respec-
tively, in the presence or absence of PD-L1 on
APCs (fig. S4, B to G). These results suggest that
cis-PD-L1/CD80 interactions do not attenuate the
function of CD28 and CTLA-4. Further confirming
the cis interaction between PD-L1 and CD80, we
observed that CD80 but not CD86 were coim-
munoprecipitated with PD-L1 when neighboring
cell-surface proteins were cross-linked with a cell-
impermeable cross-linker, bis(sulfosuccinimidyl)
suberate (BS3) (Fig. 1G).

cis-PD-L1/CD80 interactions inhibit
PD-L1 from eliciting PD-1 functions

To test the functional consequences of the afore-
mentioned interactions, we used IIA1.6DPD-L1
B cells overexpressing PD-L1, PD-L2, CD80, or
CD86 in various combinations as APCs to stim-
ulate DO11.10 T hybridoma cells that recognize
pOVA323-339/I-A

d. Upon antigen stimulation,
interleukin-2 (IL-2) production from DO11.10
T cells was strongly inhibited when either PD-L1
or PD-L2 was expressed on APCs (Fig. 1H). PD-L1–
or PD-L2–mediated inhibition appeared depen-
dent on PD-1 because the suppression of IL-2
production was not observed in DO11.10DPD-1
T cells. As expected, the simultaneous expression
of CD80 but not CD86 completely abrogated
the PD-1–mediated inhibitory effects caused by
IIA1.6DPD-L1 B cells overexpressing PD-L1 but
not PD-L2 (Fig. 1, I and J). Thus, CD80 interacts
with PD-L1 in cis to hinder PD-L1 from triggering
PD-1 function during T cell activation.
We also examined the dose-dependent effects

of cis-PD-L1/CD80 interactions. CD80 and PD-L1
were expressed independently or simultaneously
on IIA1.6DPD-L1 B cells at four different expres-
sion levels (comprising 25 combinations in total)
(Fig. 1K). As expected, PD-1-EC binding to PD-L1
was attenuatedwhen substantial amounts of CD80
were expressed simultaneously (Fig. 1, L and M).
APCs with PD-1-EC–binding capacity could elicit
PD-1 function and suppress IL-2 production from
DO11.10 T cells upon antigen stimulation (Fig. 1N).
These results suggest that the relative amount of
PD-L1 and CD80 determines the capacity of cells
to associate with PD-1 and elicit PD-1 function.

As mentioned previously herein, trans inter-
actions between PD-L1 on T cells and CD80 on
APCs, and the association of CD80 onT cells with
PD-L1onAPCs, both transduce coinhibitory signals.
We therefore testedhowtrans interactionsbetween
PD-L1 and CD80 affect the activation of DO11.10
T cells. A previous study reported that coinhibition
by trans PD-L1 and CD80 interactions was most
evident in the absence of the CD28 signal (13).
Thus, we usedDO11.10DPD-L1DPD-1DCD28 T cells
(fig. S3B), inwhich the genes encodingCD28, PD-L1,
and PD-1 have been deleted using CRISPR-Cas9.
DO11.10DPD-L1DPD-1DCD28 T cells overexpress-
ing CD80 or PD-L1 were stimulated with pOVA-
pulsed IIA1.6DPD-L1 B cells overexpressing PD-L1
or CD80, respectively (fig. S5, A to D). IL-2 produc-
tion fromDO11.10DPD-L1DPD-1DCD28Tcells over-
expressing CD80 or PD-L1 was not suppressed
either by trans-CD80/PD-L1 or trans-PD-L1/CD80
interactions, respectively, even though the expres-
sion levels of CD80 and PD-L1 on these cells were
muchhigher than those onactivatedprimaryT cells
(fig. S6). These results suggest that PD-L1 mainly
interacts with CD80 in cis rather than in trans.

PD-1–mediated inhibitory effects are
abrogated by cis-CD80/PD-L1
interactions on mature primary DCs

PrimaryCD8a+ andCD11b+DCsandTG-MFswere
used as APCs to stimulate T lymphoma cells
that respond to amajor histocompatibility com-
plex class I (MHC I)–restricted peptide (H2-Kb-
pOVA257-264, BW-OT-I cells) or anMHCII–restricted
peptide (I-Ab-pOVA323-339, BW-OT-II cells) (Fig. 2, A
to D). We detected substantial PD-1–mediated in-
hibitory effects on the activation of BW-OT-I and
BW-OT-II cells when TG-MFs were used as APCs.
In contrast, PD-1 did not inhibit the activation of
BW-OT-I and BW-OT-II cells when CD8a+ and
CD11b+ DCs were used as APCs, which is in agree-
ment with the strong association between PD-1-EC
and TG-MFs and the weak association between
PD-1-EC and CD8a+ or CD11b+ DCs. Collectively,
the ability of PD-1 to inactivate T cells is restricted
upon T cell-DC interactions, likely because CD80
onDCs interacts with PD-L1 in cis to prevent PD-
L1 from engaging PD-1.

PD-L1-Y56A and CD80-L107E mutants
fail to interact with CD80 and PD-L1 in
cis respectively

We then isolated mutants of PD-L1 and CD80
that cannot bind CD80 and PD-L1, respectively
(yet retain the other functions). The binding char-
acteristics of chimericmolecules inwhich immuno-
globulinV (IgV) and IgCdomains of PD-L1, PD-L2,
CD80, or CD86 were swapped revealed that IgV
domains of PD-L1 and CD80 are involved in their
interaction (fig. S7, A to D). We therefore intro-
duced random mutations in the IgV domain of
PD-L1 by using error-prone polymerase chain
reaction and overexpressed these mutants in
IIA1.6DPD-L1-CD80 B cells, which was followed
by sorting the cells on the basis of their acquisi-
tion of PD-1-EC–binding capacity (fig. S5E). PD-L1
mutants isolated from cells with PD-1-EC-binding
ability had high mutation rates at V54, Y56, and

E58 (fig. S7F). The predicted three-dimensional
(3D) structure ofmouse PD-L1 indicated that these
amino acid residues were located in the C strand
of PD-L1, which is close to the PD-1–interacting
surface (Fig. 3A) (23). These results suggest that
the PD-L1/CD80 interaction surface partially over-
laps with that of PD-L1/PD-1. By examining a
series of point mutants at Y56, we elected to use
PD-L1-Y56A for subsequent analyses because this
mutant bound to PD-1-EC comparably in the pres-
ence or absence of CD80 (Fig. 3C and fig. S7G) and
was expressed in IIA1.6DPD-L1 B cells at similar
levels to wild-type PD-L1 (fig. S7H).
The IgV domain of CD80 consists of nine b

strands that are termed A, B, C, C’, C”, D, E, F,
and G strands. A, G, F, C, C’, and C” strands are
assembled into a b sheet that forms one side
surface of the molecule termed AGFCC’C” face,
whereas D, E, and B strands are assembled into
another b sheet that forms the other side of the
molecule termed DEB face (24). Because CD28
binds to the AGFCC’C” face of CD80 (24–26) and
CD80 can bind CD28 in the presence of PD-L1
(fig. S4A), we focused on the other surface (i.e.,
DEB face). By comparing the hydrophobicities of
CD80 (24) and CD86 (27), we found a distinctive
hydrophobic patch in the DEB face of CD80 (fig.
S8, A and B). We next mutated amino acid resi-
dues in this hydrophobic area and found that
CD80 with either the L96E or L107E mutation
failed to interfere with PD-L1/PD-1 binding (Fig.
3D and fig. S8C). We therefore used CD80-L107E
for subsequent analyses because (i) this mutant
did not interfere with PD-L1/PD-1 binding, (ii)
it bound CD28 and CTLA-4 in a manner com-
parable to that of wild-type CD80, and (iii) it
showed expression levels in IIA1.6DPD-L1 B cells
similar to those of wild-type CD80 (Fig. 3, D and
E). We also observed that coimmunoprecipita-
tions of CD80 with PD-L1-Y56A and of CD80-
L107E with PD-L1, respectively, were severely
attenuated and nearly abolished (Fig. 3F).
The function of these mutants was next tested

(Fig. 3, G to L). When IIA1.6DPD-L1 B cells ex-
pressing PD-L1-Y56A were used as APCs to stim-
ulate DO11.10 T cells, PD-L1-Y56A produced PD-1–
mediated inhibitory effects at levels comparable
to those of wild-type PD-L1 in the absence of
CD80 (Fig. 3, G andK). In addition, PD-1 function
occurred with PD-L1-Y56A in the presence of
CD80 (Fig. 3, H and L), indicating that it can
evade the inhibitory effect of CD80 and elicit
PD-1 activity. When CD80-L107E was expressed
on IIA1.6DPD-L1 B cells, CD80-L107E enhanced
IL-2 production fromDO11.10 T cells after antigen
stimulation, similar to that seen with wild-type
CD80. In addition, PD-L1 was found to trigger
PD-1 functions in the presence of CD80-L107E,
indicating that CD80-L107E cannot interfere with
the function of PD-L1, similar to what was ob-
served for CD86 (Fig. 3I, J, and L).

Abrogation of PD-1 function by
cis-PD-L1/CD80 interactions also
occurs in human orthologs

To examine whether the abrogation of PD-1–
mediated inhibitory effects by cis-PD-L1/CD80
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interactions occurs in human orthologs (as well
as mouse orthologs), we carried out similar ex-
periments using human orthologs. Indeed, human
CD80 but not CD86 bound to human PD-L1 in
cis but not in trans and attenuated the binding of
human PD-L1 to human PD-1 (fig. S9, A to C).
Human CD80 but not CD86 could be coimmuno-
precipitated with human PD-L1 (fig. S9D). In
addition, cis interaction between human CD80
and human PD-L1 precluded human PD-L1 from
mediating the inhibitory function of PD-1 (fig.
S9, E to G).
We then isolated the human PD-L1 mutant,

PD-L1-N63D/G119S,whichwas unable to undergo
cis-PD-L1/CD80 interactions, by employing the
same strategy that we used to obtain mouse
PD-L1-Y56A (fig. S10A). In the absence of human
CD80, human PD-L1-N63D/G119S was able to
bind human PD-1 at levels comparable to those
of wild-type PD-L1. In addition, human PD-L1-
N63D/G119S bound human PD-1 comparably in
the presence or absence of human CD80 (fig.
S10B). Next, we examined human CD80-I92E
and CD80-L104E, which correspond to mouse
CD80-L96E and CD80-L107E, respectively, and
found that these mutants completely lacked
cis-PD-L1/CD80 interactions and failed to inter-
fere with the binding between human PD-L1 and
human PD-1 (fig. S10C).
Functional analysis revealed that human PD-

L1-N63D/G119S produced human PD-1–mediated
inhibitory effects comparably to wild-type PD-L1
in the absence of human CD80 (fig. S10D). In
addition, human PD-L1-N63D/G119S triggered
PD-1–mediated inhibitory effects in the presence
of humanCD80 (fig. S10E), indicating that human
PD-L1-N63D/G119S can evade the effect of CD80,
resulting in PD-1 activity. Likewise, CD80-L104E
augmented IL-2 production from DO11.10 T cells
upon antigen stimulation comparably towild-type
CD80. We also observed that human PD-L1 re-
sulted in PD-1 function in the presence of human
CD80-L104E, indicating that human CD80-L104E
cannot hinder PD-L1 from eliciting PD-1 function
similar to that observed for human CD86 (fig. S10,
F and G). Our data suggest that the abrogation of
PD-1 functionby cis-PD-L1/CD80associations could
be a universal strategy to mitigate the inhibitory
effect of PD-1 during the activation of T cells
upon T cell–DC interactions.

DCs from Cd274Y56A and Cd80L107E mice
have substantial PD-1–binding capacities

To explore the biological significance of cis-PD-L1/
CD80 interactions in vivo, we generated knock-in
mice expressing PD-L1-Y56A or CD80-L107E by
usingCRISPR-Cas9 (28) (hereafter termedCd274Y56A

andCd80L107Emice) (figs. S11 and S12). Cd274Y56A

and Cd80L107E mice were born normally and did
not show overt spontaneous phenotypes. We
stimulated CD8a+ and CD11b+ splenic DCs and
granulocyte-macrophage colony-stimulating factor–
induced bonemarrow–derived dendritic cells (BM-
DCs) from knock-in mice with lipopolysaccharide
(LPS), themajor component of the outermembrane
of Gram-negative bacteria and the agonist of
Toll-like receptor 4 (TLR4) (29). As expected,

LPS-activated CD8a+ and CD11b+ splenic DCs
and BM-DCs from knock-in mice showedmuch
stronger PD-1-EC–binding ability compared to
those from wild-type mice despite similar ex-
pression profiles for CD80, PD-L1, and PD-L2

(Fig. 4A and fig. S13A). The expression levels
of CD86 and MHC II on these cells were also
comparable (fig. S13A). Moreover, the binding
intensities of CD28-EC and CTLA-4-EC on LPS-
activated CD8a+ and CD11b+ splenic DCs from
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Fig. 2. cis-PD-L1/CD80 interactions block PD-1 from inhibiting T cell activation in mature
primary DCs. (A to D) Activated DCs are unable to elicit PD-1–mediated inhibition. IL-2 production from
BW-OT-I (A) and BW-OT-II (C) cells stimulated by LPS-activated TG-MFs and splenic CD8a+ and
CD11b+ DCs pulsed with the indicated amount of antigenic peptides is shown. Blocking Abs against PD-L1
and PD-L2, and isotype control IgG, were added as indicated. Extended analyses of (B) (10 pM) and
(D) (1 mM) show the percentage inhibition of IL-2 productionmediated by PD-L1, PD-L2, and PD-L1/2 upon
stimulation with the indicated APCs (B and D). One-way analysis of variance (ANOVA) with Dunnett’s
post hoc test (B and D). *p<0.05; **p<0.01; ns, not significant. Error bars denote SEM. Representative
data from more than three independent experiments are shown (A to D).
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Fig. 3. PD-L1-Y56A and CD80-L107E mutants abrogate cis-PD-L1/CD80
interactions. (A and B) Predicted 3D structures of mouse PD-L1 (A) and
mouse CD80 (B). Amino acid residues that affected cis-PD-L1/CD80
interactions are indicated (E, Glu; L, Leu; V, Val; and Y, Tyr). (C) Binding
of PD-1-EC to PD-L1-Y56A in the presence of CD80. Binding intensities
of PD-1-EC to IIA1.6DPD-L1 B cells expressing the indicated molecules are
shown. (D and E) Binding of PD-1-EC to PD-L1 in the presence of CD80-
L107E. Binding intensities of PD-1-EC (D), anti-CD80, CD28-EC, and CTLA-4-
EC (E) to IIA1.6DPD-L1 B cells expressing indicated molecules are shown.
(F) Defective coimmunoprecipitation of PD-L1-Y56A/CD80 and PD-L1/CD80-
L107E. Green, red, and yellow arrowheads indicate monomeric PD-L1, CD80,

and PD-L1/CD80 heterodimer, respectively. WCL: whole-cell lysates without
cross-linking. (G to J) IL-2 production from PD-1–sufficient (left) or –deficient
(right) DO11.10 T cells upon coculture with APCs expressing the indicated
molecules. Indicated amounts of antigenic peptide were used. (K) Extended
analysis of data presented in (G). Percentage of PD-1–dependent inhibition
mediated by PD-L1 and PD-L1-Y56A is shown. (L) Extended analysis
of data presented in (H to J). Percentage of PD-1–dependent inhibition
mediated by APCs expressing indicated molecules pulsed with 0.3 mM
antigenic peptide is shown. One-way ANOVA with Dunnett’s post hoc test (L).
***p<0.001. Error bars denote SEM. Representative data from more than
three independent experiments are shown (C to L).
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Cd274Y56A and Cd80L107E mice were comparable
to those from wild-type mice, as expected, on
the basis of experimental results with cultured
cells (Fig. 3E and figs. S4A and S13B).
Splenic DCs from Cd80L107E and Cd80–/– mice

were next stimulated with the additional ago-
nists of TLRs, namely poly(I:C) (TLR3), CpG
(TLR9), R848 (TLR7), and zymosan (TLR2/6)
(fig. S14, A and B). All TLR agonists tested in-
duced the expression of PD-L1, PD-L2, and CD80,
but to variable degrees onCD8a+ andCD11b+DCs.
Accordingly, DCs fromCd80L107E andCd80–/–mice
strongly bound PD-1-EC upon stimulation with
all TLR agonists tested, whereas the binding of
PD-1-EC was attenuated in wild-type mice to
variable degrees. Because the PD-1-EC–binding
capacities were comparable between DCs from
Cd80L107E and Cd80–/– mice, CD80-L107E ap-
peared to almost completely lack cis-PD-L1/CD80
interactions (fig. S14, A and B). The expression
levels of PD-L1 showed a strong correlationwith

the PD-1-EC–binding intensities in activated DCs
from Cd80L107E and Cd80–/– mice, whereas this
correlationwasmuchweaker in those fromwild-
type mice (fig. S14C). By contrast, the ratio of
PD-L1 to CD80 strongly correlatedwith the PD-1-
EC–binding capacities in activatedDCs fromwild-
type but not Cd80L107E mice (fig. S14D). These
results revealed the PD-1-EC–binding properties
of DCs in response to stimulation with TLR
agonists and further confirmed that PD-1–
binding ability is dependent upon the relative
amount of PD-L1 and CD80.

Tcell responses to immunogens are
severely attenuated in Cd274Y56A

and Cd80L107E mice that lack
cis-PD-L1/CD80 interactions

In accordance with the binding capacities of DCs
to PD-1-EC, activated DCs from Cd274Y56A and
Cd80L107E mice, but not those from wild-type
mice, elicited substantial PD-1–mediated in-

hibitory effects on the activation of BW-OT-I and
BW-OT-II cells (Fig. 4, B to D). PD-1–mediated
inhibition was mostly dependent on PD-L1,
and the contribution of PD-L2 was marginal
(Fig. 4, B and C), as was the case for PD-1-EC
binding (Fig. 1A).
Next, we examined the effects of cis-PD-L1/

CD80 interactions on immune responses to for-
eign antigens in vivo. We immunized Cd274Y56A

and Cd80L107E mice with OVA protein emulsified
in complete Freund’s adjuvant and restimulated
T cells in the draining lymph nodes 1 week later
(Fig. 4, E and F). Interferon-g (IFN-g) and IL-2
production from T cells, upon stimulation with
OVA protein andMHC I– andMHC II–restricted
OVA peptides, was significantly reduced in both
knock-in mice compared to those in wild-type
mice, indicating that PD-1 function is restricted
in wild-type mice by cis-PD-L1/CD80 interactions
during the induction of immune responses against
foreign antigens.
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Fig. 4. Defective T cell responses in Cd274Y56A and Cd80L107E mice.
(A) Contour plots showing binding intensities of PD-1-EC and anti-CD80 on LPS-
activated BM-DCs and splenic CD8a+ and CD11b+ DCs from Cd274Y56A,
Cd80L107E, and wild-type mice. Frequencies of PD-1-EC+ cells are indicated.
(BandC) PD-1–mediated inhibitionof IL-2production fromTcells uponactivation
with BM-DCs from Cd274Y56A and Cd80L107E but not wild-type mice. IL-2
production from BW-OT-I (left) and BW-OT-II (right) cells upon stimulation with
BM-DCs from Cd274Y56A, Cd80L107E, and wild-type mice are shown
(B). PD-1–mediated inhibition of IL-2 production compared with BM-DCs from
wild-type mice in the presence of the indicated Abs is shown for BW-OT-I

(10 pM) and BW-OT-II (0.1 mM) cells (C). (D) PD-1–mediated inhibition of IL-2
production from BW-OT-I (left, 10 pM) and BW-OT-II (right, 0.1 mM) cells
upon stimulation with splenic CD8a+ and CD11b+ DCs frommice with the
indicated genotype. (E and F) Defective induction of OVA-specificTcell responses
upon immunization in the absence of cis-PD-L1/CD80 interactions. Draining
LN cells from Cd274Y56A, Cd80L107E, and wild-type mice immunized with OVA
were restimulated with the indicated antigens (n = 9 each). Concentration of
IFN-g (E) and IL-2 (F) is shown.One-way ANOVAwith Dunnett’s post hoc test (C
to F). *p<0.05; **p <0.01; ***p <0.001. Error bars denote SEM. Representative
data frommore than three independent experiments are shown (A to D).
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Antitumor immune responses are
severely attenuated in Cd274Y56A

and Cd80L107E mice lacking
cis-PD-L1/CD80 interactions
Next, we tested the involvement of cis-PD-L1/
CD80 interactions in antitumor immune responses.
Mice were inoculated with E.G7 T lymphoma
cells that express OVA (30) and vaccinated with
OVA protein together with poly(I:C) (Fig. 5, A to

C). Tumor growth was substantially suppressed
by vaccination in wild-type mice, whereas sig-
nificant curative effects were not observed in
Cd274Y56A or Cd80L107E mice (Fig. 5, A to C). To
directly examine the role of cis-PD-L1/CD80 inter-
actions in APCs, we tested DC-based vaccination.
Wild-typemice inoculatedwith E.G7 T lymphoma
cells were immunized with OVA-pulsed BM-DCs
from wild-type and knock-in mice (Fig. 5, D to F).

Consistent with the effects of protein vaccination,
immunization with BM-DCs from wild-type
but not Cd274Y56A or Cd80L107E mice induced
substantial antitumor immune responses (Fig. 5,
D to F).
We then characterized APCs that present anti-

gens to tumor-specific T cells. We immunized
mice subcutaneouslywith Alexa488-labeledOVA
protein and poly(I:C) and analyzedDCs that took
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Fig. 5. Vaccine-induced antitumor immune responses are limited in the
absence of cis-PD-L1/CD80 interactions. (A to F) Defective induction of
antitumor immune responses in the absence of cis-PD-L1/CD80 associations.
Experimental design of the vaccination with OVA and poly(I:C) (A).The
absolute (B) and relative (at day 15) (C) volumes of E.G7 tumors in Cd274Y56A,
Cd80L107E, and wild-type mice immunized with phosphate-buffered saline
(Ctrl) or OVA and poly(I:C) (Vac) are shown (number of mice ≥ 8 each).
Experimental design of the vaccination with OVA-pulsed BM-DCs (D).The
absolute (E) and relative (at day 14) (F) volumes of E.G7 tumors in wild-type
mice immunized with BM-DCs from Cd274Y56A, Cd80L107E, and wild-type mice
with or without OVA are shown (number of mice = 7 each). (G) PD-1-EC–

binding intensities and PD-L1-, PD-L2-, CD80-, and CD86-expression levels of
CD11cintMHCIIhighXCR1+OVA+ and CD11cintMHCIIhighCD11b+OVA+ migratory
DC subsets in skin dLNs from Cd274Y56A, Cd80L107E, and wild-type mice
immunized with Alexa488-OVA and poly(I:C). (H to J) Defective induction of
tumor antigen–specific CD8+ Tcells in the absence of cis-PD-L1/CD80
interactions. Skin dLNs cells fromCd274Y56A,Cd80L107E, andwild-typemicewere
stained with H-2Kb-OVA-tetramer 7 days after immunization with OVA and
poly(I:C). Representative contour plots (H), frequency (I), and the absolute
number (J) of H-2Kb-OVA-tetramer+ cells are shown (number of mice = 9 each).
Unpaired two-tailed Student’s t test (B and E), one-way ANOVA with Dunnett’s
posthoc test (C, F, I, J). *p<0.05; **p<0.01; ***p<0.001. Error barsdenoteSEM.
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up antigen and migrated to the draining lymph
nodes (dLNs) (Fig. 5G). Binding of PD-1-EC to
XCR1+ and CD11b+ migratory DCs, which pref-
erentially activate CD8+ and CD4+ T cells, re-
spectively (31, 32), was substantially reduced
in wild-type mice compared to that in Cd274Y56A

and Cd80L107Emice. Notably, the expression levels
of PD-L1, PD-L2, CD80, CD86, CD40, MHC I, and
the other costimulatory and coinhibitory ligands
were comparable among wild-type and knock-in
mice, with less than a 1.3-fold difference (Fig. 5G
and fig. S15). These results suggest that the en-
gagement of PD-1 on tumor-specific T cells with
PD-L1 on APCs is restricted by cis-PD-L1/CD80
interactions in vivo.
We then evaluated the generation of antigen-

specific CD8+ T cells upon immunization by
using MHC I-tetramers presenting OVA peptide
(H-2Kb-pOVA-tetramer). The frequency andnum-
ber of OVA-specific CD8+ T cells upon immu-
nization were considerably lower in Cd274Y56A

and Cd80L107E mice compared to those in wild-
typemice (Fig. 5, H to J). By contrast, the tetramer
staining intensity and the expression levels of
other activation markers were not changed
(fig. S16). Collectively, these data indicate that
PD-1 function is persistently restricted by cis-
PD-L1/CD80 interactions during the initiation
of antitumor immune responses.

cis-PD-L1/CD80 interactions
reduce PD-1 function to
exacerbate autoimmunity

We then explored the role of cis-PD-L1/CD80
interactions in autoimmunity by inducing exper-
imental autoimmune encephalomyelitis (EAE),
which is a mouse model of multiple sclerosis

(Fig. 6A). Cd274Y56A and Cd80L107E mice showed
significantly reduced signs of EAE upon immu-
nization with the myelin oligodendrocyte glyco-
protein (MOG) peptide compared to those in
wild-type mice (Fig. 6B). Further, migratory DCs
in skin dLNs from immunized Cd274Y56A and
Cd80L107E mice showed higher PD-1-EC–binding
ability compared to those from wild-type mice.
We consistently observed a substantial reduction
in IL-17 production by splenocytes from immu-
nized Cd274Y56A and Cd80L107Emice after restim-
ulation with the MOG peptide as compared to
that in wild-type mice (Fig. 6D). These findings
indicate that the suppressive effects of PD-1 are
prevented during the development of EAE by
cis-PD-L1/CD80 interactions in wild-type mice
and that the liberation of PD-L1 from CD80 can
restore PD-1–mediated inhibitory effects and
alleviate the signs of EAE in Cd274Y56A and
Cd80L107E animals.

Discussion

The identification of trans-PD-L1/CD80 inter-
actions highlights the complexity of signaling
within the B7/CD28 family and has been proposed
to explain the difference between anti–PD-1 and
anti–PD-L1 in cancer immunotherapy (33–35).
For example, it has been proposed that anti–
PD-L1 might provide better clinical efficacy than
anti–PD-1, because anti–PD-L1 can block inhib-
itory signals through PD-L1 and CD80 in addition
to PD-1 (33). However, appreciable differences
have not yet been recognized in clinical efficacies
between anti–PD-1 and anti–PD-L1, and the actual
significance of trans interactions of PD-L1 and
CD80 between T cells and APCs has been elusive.
In this study, we demonstrate that CD80 inter-

acts with PD-L1 in cis on the same APC and inhib-
its the ability of PD-L1 to bind PD-1 and inhibit
T cell activation. Nonetheless, our results do not
exclude the possible interactions and functions
of PD-L1 and CD80 in trans in certain conditions
or model systems.
Ostrand-Rosenberg and colleagues reported

that the overexpression of CD80 on PD-L1–
expressing tumor cells attenuates the binding of
PD-1 to tumors (19, 20). On the basis of this
finding, they proposed the application of the
soluble protein of CD80 (CD80-Ig) for cancer
immunotherapy, as CD80-Ig might block in-
hibitory signals through PD-L1/CD80 as well as
PD-L1/PD-1 (20). However, the mode of interac-
tion between PD-L1 and CD80 was not clarified
in these studies, and the interaction between
CD80 and PD-L1 under physiological conditions
was not demonstrated. Another recent study re-
ported that the co-overexpression of CD80 and
PD-L1 on the same cell resulted in their interac-
tion in cis (18), and competition betweenPD-1 and
CD80 for PD-L1 binding at the protein level was
also observed. However, the functional conse-
quence of the competition was not explored, and
their interactions under physiological conditions
were not shown. Furthermore, the significance
of cis-PD-L1/CD80 interactions in the induction
and/or regulation of immune responses was not
known. We report here that in primary DCs,
CD80 bound PD-L1 in cis to strongly interfere
with PD-L1/PD-1 binding. In addition, we ob-
served that cis-PD-L1/CD80 interactions strongly
abrogate PD-1 function. We generated two lines
of knock-in mice in which cis-PD-L1/CD80 inter-
actions were specifically attenuated and found
that PD-1 function is persistently restricted by
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Fig. 6. Autoimmunity is alleviated in the absence of cis-PD-L1/CD80
interactions. (A) Experimental design of EAE. (B) Milder autoimmune signs
in the absence of cis-PD-L1/CD80 interactions. The clinical score of EAE in
Cd274Y56A, Cd80L107E, and wild-type mice is shown (number of mice = 12 each).
(C) PD-1-EC–binding intensities and PD-L1-, PD-L2-, CD80-, and CD86-
expression levels of CD11cintMHCIIhighXCR1+ and CD11cintMHCIIhighCD11b+

migratory DC subsets in skin dLNs from Cd274Y56A, Cd80L107E, and
wild-type mice on day 1. (D) Defective induction of IL-17–producing cells upon
induction of EAE in the absence of cis-PD-L1/CD80 interactions (number
of mice = 8 each). Two-way repeated measure ANOVA with Tukey HSD
post hoc test (B), one-way ANOVA with Dunnett’s post hoc test (D).
*p<0.05; **p <0.01; ***p <0.001. Error bars denote SEM.
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cis-PD-L1/CD80 associations during the immune
responses to foreign, tumor-associated-, and self-
antigens. Intriguingly, the PD-1–binding capacities
of DCs were regulated differently depending on
the TLRagonist used, suggesting that PD-1might
mitigate T cell responses to pathogens to varying
degrees depending on the pathogen-associated
molecular patterns.
Although PD-1 is a potent coinhibitory re-

ceptor and can strongly inactivate T cells, es-
pecially at the effector phase during autoimmune
disorders or response to cancer (8, 9), PD-1 does
not necessarily abolish all T cell responses, sug-
gesting that there might be a mechanism by
which PD-1 function is restricted. To date, the
limitation of PD-1 function at the immune ac-
tivation phase is generally explained by the ex-
pression of PD-1 on effector T cells (8, 9). However,
PD-1 has been shown to appear on T cells within
several hours after antigen stimulation, making
the delayed expression of PD-1 less likely to be the
core mechanism (10, 11). Our findings revealed
the rational and elaboratedmechanisms bywhich
CD80 augments T cell activation not only by
mediating the CD28 costimulatory signaling but
also by attenuating PD-1–driven coinhibitory sig-
nals. In vivo studies usingCd274Y56A andCd80L107E

mice indicated that the restriction of PD-1 function
by cis-PD-L1/CD80 interactions is critical for the
induction of optimal immune responses against
foreign, tumor-associated-, and self-antigens.
Owing to the success of cancer immunotherapies
targeting PD-1, the number of clinical trials is ex-
panding. Targetedmanipulation of cis-PD-L1/CD80
interactions might therefore lead to new therapeu-
tic opportunities for the treatment of cancer, auto-
immune diseases, and chronic inflammation.
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Materials and methods 

Cell culture 

DO11.10 T hybridoma, TCRα/-deficient BW-1100.129.237 (36), IIA1.6, WEHI-231.5, CH12F3-

2A, BCL1-B20 and E.G7 cells were maintained in RPMI 1640 medium (Gibco), supplemented 

with 10% (v/v) fetal bovine serum (FBS, Biowest), 0.5 mM Monothioglycerol (Wako), 2 mM L-

alanyl-L-glutamine dipeptide (Gibco), 100 U/ml penicillin (Nacalai Tesque), and 100 µg/ml 

streptomycin (Nacalai tesque). Plat-E and 293T cells were maintained in Dulbecco’s Modified 

Eagle Medium (D’MEM, Invitrogen), supplemented with 10% (v/v) FBS, 100 U/ml penicillin 

(Nacalai Tesque), and 100 g/ml streptomycin (Nacalai tesque). 

 

Plasmid and retroviral gene transduction 

Fragments of cDNA were amplified by PCR and cloned into retroviral expression plasmid vectors 

modified from pFB-ires-Neo (Agilent). To generate plasmid libraries of mouse and human PD-L1 

mutants, IgV domain of PD-L1 was amplified by Thermo-Start Taq DNA polymerase (Thermo 

Fisher Scientific) with 400 µM MnCl2 and cloned into pFB-ires-Neo. PD-L1 and CD80 mutants 

with site-directed mutations were generated by over-hang PCR. For controlling the expression 

levels, fragments of cDNA were cloned into retroviral expression plasmid vectors modified from 

pSUPER.retro.puro (OligoEngine), the promoter region of which was replaced with EF-1 

(human elongation factor-1 alpha), CAG, CMV, and MC1 promoters (37). Plasmids were 

transfected using FuGENE HD (Promega) into Plat-E cells cultured in D’MEM high glucose 

(Gibco) supplemented with 20% (v/v) FBS, 100 U/ml penicillin (Nacalai Tesque), and 100 g/ml 

streptomycin (Nacalai tesque) and supernatants containing viruses were used to transduce genes 

into target cells. Infected cells were selected with G418 (Wako), puromycin (Sigma-Aldrich), 

Zeocin (InvivoGen), or Blasticidin (InvivoGen). 

 

Generation of targeted gene knockout cell lines by CRISPR/Cas9 

IIA1.6 B lymphoma cells deficient for PD-L1, DO11.10 T hybridoma cells deficient for PD-1, 

PD-L1, and CD28, and BW-1100.129.237 deficient for PD-1 were generated by using 

CRISPR/Cas9 system (21, 22). Guide RNA sequences are shown in Table S1. Guide RNA 

sequences were cloned into pEF-BOS-Cas9-U6-guide, which was modified from pEF-BOS (38) 

to express humanized cas9 cDNA with or without D10A mutation (Addgene) under human EF-



 

 

 

 

1α-promoter and guide RNA under U6 promoter in opposite directions. Plasmids were transfected 

into cells by electroporation (Nucleofector II, Lonza). Cells that have lost the expression of 

targeted genes were sorted by using cell sorter (MoFlo XDP, Beckman Coulter). Clones of cells 

were obtained by limiting dilution, and loss-of-function mutations in targeted genes and the lack 

of their expression were confirmed by sequencing and flow cytometry, respectively.  

 

Mice 

C57BL/6N mice were purchased from Japan SLC and housed under specific pathogen-free 

conditions in environmentally controlled clean rooms. Age and sex matched mice were used in 

each experiment. All mouse protocols were approved by the Animal Experimentation Committee 

of Tokushima University. 

 

Generation of targeted gene knock-out and knock-in mice 

Cd80–/–, Cd274–/–, Cd274Y56A and Cd80L107E mice were generated by introducing Cas9 mRNA, 

gRNA and single-stranded oligodeoxynucleotide (ssODN) into C57BL/6N zygotes by 

electroporation as previously described (28). The nucleotide sequence of guide RNAs and ssODNs 

used for the generation of Cd80–/–, -Cd274–/–, Cd274Y56A, and Cd80L107E mice are shown in fig. 

S2, S11, and S12, respectively. Cd80–/– mice have a single nucleotide insertion resulting in the 

frame shift at G109, addition of 20 irrelevant amino acids, and the generation of the premature 

stop codon (fig. S2A). Cd274–/– mice have a single nucleotide insertion resulting in the conversion 

from Y56 to the premature stop codon (fig. S2B). First generation of mosaic mice were crossed 

with wild-type mice to obtain heterozygous mice and heterozygous mice were crossed to obtain 

homozygous mice. Primer sets 5’-GAGACACTATCTCTAAAAAT-3’ and 5’-

TTAGTAGAGGTCTCCACCTT-3’ for CD80 and 5’-GTTCATGTGATTCCCTAAAT-3’ and 5’-

CTGAAGTTGCTGTGCTGAGG-3’ for PD-L1 were used for the amplification of genomic 

fragments. Amplified fragments were sequenced (ABI Prism 3700 DNA Analyzer, Thermo Fisher 

Scientific) or used for the restriction length polymorphism analyses. 

 

Stimulation of DO11.10 T hybridoma cells and TCR-reconstituted cells 

DO11.10 T hybridoma cells (5×104 cells/well) were stimulated with IIA1.6PD-L1 B cells (1×104 

cells/well) pulsed with indicated amount of OVA323-339 peptide (ISQAVHAAHAEINEAGR, 



 

 

 

 

95% purity, Sigma-Aldrich Japan or eurofins genomics) in 96-well round bottom plate (BD 

Bioscinences) for 12 to 14 hours. BW-1100.129.237PD-1 cells were generated by knocking out 

PD-1 gene in BW-1100.129.237 cells by using CRISPR/Cas9 system. BW-1100.129.237PD-1 

cells were reconstituted with CD3δ, CD3ζ, CD28, and PD-1 together with CD8α/CD8βOT-I TCR 

or CD4/OT-II TCR to generate BW-OT-I or BW-OT-II cells, respectively. BW-OT-I and BW-

OT-II cells (2.5×104 cells/well) were stimulated with BM-DCs or splenic DCs (5×103 cells/well) 

pulsed with indicated amount of MHCI-restricted OVA257-264 peptide  (SIINFEKL, >98% purity, 

MBL) or MHCII-restricted OVA323-339 peptide in 96-well round bottom plate for 12 to 14 hours. 

Where indicated, 1 g/ml of anti-PD-L1 Ab (1-111A), 5 µg/ml of anti-PD-L2 Ab (TY25) or rat 

IgG2a isotype control (RTK2758, Biolegend) were added. The concentration of IL-2 in the culture 

supernatant was determined by ELISA (Biolegend). PD-1-mediated inhibition was calculated by 

comparing the amount of IL-2 in conditions with or without PD-1-engagement.  

 

Flowcytometric analysis 

Cultured cells and primary cells were stained with the indicated Abs or soluble chimeric proteins. 

For splenocytes, cells were stimulated with LPS (1 µg/ml, Escherichia coli O111:B4, Merck), 

poly(I:C) (20 µg/ml, Merk) CpG-1826 (2 µg/ml, 5’-tccatgacgttcctgacgtt-3’ with phosphorothioate 

backbone, Thermo Fisher Scientific), R848 (5 µg/ml, InvivoGen), or Zymosan (10 µg/ml, 

InvivoGen) for 16 to 20 hours before staining. Abs against mouse CD8α (5H10), CD28 (37.51), 

and PD-L1 (1-111A, MIH5) were purchased from Thermo Fisher Scientific. Abs against mouse 

4-1BB (17B5), 4-1BBL (TKS-1), B220 (RA3-6B2), B7-H3 (MIH35), B7-H4 (HMH4-5G1), CD3 

(17A2), CD4 (RM4-5), CD8α (53-6.7), CD11b (M1/70), CD11c (N418), CD19 (6D5), CD25 

(PC61), CD28 (37.51), CD40 (3/23), CD69 (H1.2F3), CD70 (FR70), CD80 (16-10A1), CD86 

(GL-1), CD317 (927), CTLA-4 (UC10-4B9), DYKDDDDK-tag (L5), F4/80 (BM8), ICOS 

(C398.4A), ICOSL (HK5.3), Ki-67 (11F6), MHCI (H-2Kb, AF6-88.5), MHCII (M5/114.15.2), 

OX40L (RM134L), PD-1 (RMP1-30), and XCR1 (ZET) were purchased from Biolegend. H-2Kb-

pOVA-tetramer and Abs against CD8 (KT15) were purchased from MBL. Streptavidin-

Phycoerythrin (PE) and Streptavidin-Allophycocyanin (APC) were purchased from Biolegend. 

Isotype control Abs for rat IgG2a (RTK2758), rat IgG2b (RTK4530), and hamster IgG (HTK888) 

were purchased from Biolegend. For the detection of mouse PD-L1, 30 µg/ml biotinylated 1-111A 

was used unless otherwise noted. To detect intracellular CTLA-4 and Ki-67 proteins, cells were 



 

 

 

 

fixed and permeabilized with Foxp3/Transcription Factor Staining Buffer Kit (TONBO 

biosciences). For the preparation of soluble chimeric proteins, fragments of cDNA encoding the 

extracellular region of mouse PD-1 (amino acids 1-167), human PD-1 (amino acids 1-167), mouse 

CD28 (amino acids 1-149), and mouse CTLA-4 (amino acids 1-162) were amplified by PCR. The 

five-stranded coiled-coil domain of cartilage oligomeric matrix protein (39) with DYKDDDDK-

tag was fused to the C-terminus of each protein and chimeric cDNAs were cloned into expression 

vectors modified from pEBMulti-Neo (Wako). Plasmids were transfected into Plat-E or 293T cells 

using Avalanche-Omni Transfection Reagent (EZ Biosystems) and the culture supernatants were 

collected after 48 and 96 hours. Supernatants were diluted and used for the staining. Bindings of 

chimeric proteins on the cells were detected by anti-DYKDDDDK-tag antibody (L5). Data were 

obtained with Gallios (Beckman Coulter) and analyzed using FlowJo (Tree Star). Dead cells were 

excluded from analyses using Ghost Dye Violet 510 (TONBO biosciences) or propidium iodide 

(Sigma-Aldrich) for cells with or without permeabilization, respectively. 

 

Co-immunoprecipitation 

DYKDDDDK-tag was fused to the C-terminus of PD-L1 and PD-L1Y56A. 

SHSLQKYYITGEAEGFPATA-tag (hER-tag), which was recognized by the polyclonal rabbit Ab 

against human ERα protein (HC-20, Santa Cruz Biotechnology), was fused to the C-terminus of 

CD80, CD80L107E, and CD86. IIA1.6PD-L1 B cells expressing tagged proteins in the indicated 

combination were extensively washed with PBS and treated with water-soluble, non-cleavable and 

membrane impermeable cross-linker, BS3 (1 mM, Thermo Fisher Scientific) for 30 minutes. After 

quenching the cross-linking reaction with 25 mM Tris, cells were lysed in the lysis buffer 

containing 1% NP-40. DYKDDDDK-tagged proteins were immunoprecipitated by anti-FLAG M2 

agarose beads (Merk), separated by SDS-PAGE in reducing conditions, and transferred onto 

PVDF membranes. DYKDDDDK- and hER-tagged proteins were detected by anti-DYKDDDDK-

tag Ab (L5) and HC-20 Ab followed by IRDye800-anti-rat IgG (H+L) and IRDye680-anti-rabbit 

IgG (H+L) (LI-COR Biosciences) Abs. Fluorescent signals on membranes were detected by 

Odyssey Imaging System (LI-COR Biosciences).  

 

Activation of primary T cells 



 

 

 

 

Splenocytes were collected from naïve C57BL/6N mice. After the red blood cell lysis, whole 

splenocytes (5×106 cells/ml) were stimulated with soluble 10 or 100 ng/ml anti-CD3 antibody 

(145-2C11, biolegend) for 1, 3, 6, 12, 24, 24, and 48 hours. Expression levels of PD-1, PD-L1, 

CD80, CD25, and CD69 on CD4+ T cells (CD19-CD3+CD4+) and CD8+ T cells (CD19-

CD3+CD8+) were analyzed by flow cytometry. 

 

Generation of BM-DCs 

BM cells were collected from the femur and tibia of mice and cultured in RPMI 1640 medium, 

supplemented with 10% (v/v) FBS, 0.5 mM Monothioglycerol, 2 mM L-alanyl-L-glutamine 

dipeptide, 100 U/ml penicillin, 100 µg/ml streptomycin, and 20 ng/ml recombinant mouse GM-

CSF (Biolegend). On day4, two-thirds of the media were replaced with fresh medium. On day6, 

non-adherent cells were collected and CD11c+ cells (for the immunization of mice) or CD86+ cells 

(for the in vitro co-culture assay) were isolated by BD iMag Cell Separation System (BD 

Biosciences). Isolated cells were stimulated with LPS (1 µg/ml). For the immunization of E.G7 

bearing mice, 100 µg/ml of OVA protein (low endotoxin, Wako) and LPS (1 µg/ml) were added. 

After 16 to 18 hours, non-adherent cells were collected and used for further experiments. For 

flowcytometric analysis, Ly-6G–CD11c+MHCII+ cells were gated and analyzed. 

 

Preparation of TG-Ms 

Naïve mice were intraperitoneally injected with 2 ml of 3% Brewer thioglycollate medium (BD 

Biosciences). Four days later, peritoneal exudate cells were collected and seeded in tissue culture 

plates for 2 hours at 37˚C. Floating cells were extensively washed out, and strongly adherent cells 

were stimulated with LPS (1 µg/ml) for 16 to 20 hours and used for flow cytometric analysis. For 

in vitro co-culture assay, F4/80+ cells were purified by cell sorter (>95% purity). 

 

Isolation of splenic DCs 

Spleens were treated with collagenase (1 mg/ml, Wako) for 20 minutes at 37˚C, smashed, and 

single cell suspensions were prepared. After the red blood cell lysis, whole splenocytes were 

stimulated with LPS (1 µg/ml) for 16 to 18 hours. Cells were collected and stained with bio-CD11c 

Ab followed by PE-streptavidin and CD11c+ cells were enriched by anti-PE magnet particles and 

BD iMag Cell Separation System. B220–F4/80–CD3–CD11c+CD8α+CD11b– cells (CD8α+ DCs) 



 

 

 

 

or B220-F4/80-CD3–CD11c+CD8α–CD11b+ cells (CD11b+ DCs) were purified by cell sorter 

(CD8α+ DCs; >85% purity and CD11b+ DCs; >90% purity, respectively) and used as APCs for in 

vitro co-culture assays. 

 

Protein structure 

Mouse PD-L1 and CD80 structures were predicted by SWISS-MODEL 

(https://swissmodel.expasy.org/) based on the reported structures of human PD-L1 (PDB ID: 

4Z18) and the IgV domain of mouse CD80 (PDB ID: 4RWH), respectively. Structures of human 

CD80 (PDB ID: 1DR9) and CD86 (PDB ID: 1NCN) were analyzed by UCSF Chimera software, 

developed by the Resource for Biocomputing, Visualization, and Informatics at the University of 

California, San Francisco. 

 

Induction of T cell responses against OVA 

Naïve mice were immunized with OVA protein (100 µg) emulsified in complete Freund’s adjuvant 

(BD Biosciences) in the footpad. One week after the immunization, 5×105 cells from popliteal 

lymph nodes were stimulated with OVA protein (100 µg/ml), OVA257-264 peptide (100 nM), and 

OVA323-339 peptide (3 µM) for 48 hours. The concentration of IL-2 and IFN- in the culture 

supernatant was determined by ELISA (Biolegend). 

 

Tumor immunotherapies 

On day0, mice were subcutaneously injected with 5×105 E.G7 lymphoma cells at shaved left flank. 

On day5 and day12, OVA protein (100 µg) mixed with poly(I:C) (50 µg) in PBS was 

subcutaneously injected near the tumor. Alternatively, on day3 and day10, 4.5×105 LPS-activated 

BM-DCs pulsed with OVA protein were subcutaneously injected near the tumor. Tumor size was 

measured with caliper every three days. Tumor volumes were calculated by using the following 

formula: 1/2×(short axis)2×(long axis). For the flowcytometric analysis of migratory DCs in dLN 

cells, mice were subcutaneously immunized with Alexa Fluor™ 488-conjugated OVA protein (50 

µg, Thermo Fisher Scientific) together with poly(I:C) (50 µg). Inguinal and axillary LN cells were 

analyzed 24 hours after immunization. 

 

H-2Kb-pOVA-tetramer staining 



 

 

 

 

Mice were subcutaneously immunized with OVA protein (100 µg) together with poly(I:C) (50 

µg). Inguinal and axillary LN cells were collected 7 days after immunization and stained with H-

2Kb-pOVA-tetramer according to the manufacturer's instruction.  

 

EAE 

Active EAE was induced according to the published protocol (40). Briefly, mice were 

subcutaneously immunized with MOG35-55 peptide (200 µg, MEVGWYRSPFSRVVHLYRNGK, 

>95% purity, Eurofins) emulsified in incomplete Freund’s adjuvant (BD Biosciences) 

supplemented with Mycobacterium Tuberculosis H37RA (200 µg, BD Biosciences) on day 0. On 

days 0 and 2, 200 ng of pertussis toxin (List Biological Laboratories) was intraperitoneally 

injected. The clinical scores were daily graded by a blinded observer as follows: 0, no clinical sign; 

1, limp tail; 2, hind limb weakness; 3, hind limb paralysis; 4, hind and fore limb paralysis and 5, 

moribund state. For flowcytometric analysis of dLN cells, inguinal and axillary LN cells were 

collected 24 hours after immunization. To evaluate in vitro recall responses, 1×106 splenocytes of 

mice at day7 after immunization were stimulated with 5 or 50 µg/ml of MOG35-55 peptide for 66 

hours. The concentration of IL-17A in the culture supernatant was determined by ELISA (Thermo 

Fisher Scientific). 

 

Statistics 

Two-tailed unpaired Student’s t-test was used for comparisons between two groups. For multiple 

comparisons, one-way or two-way ANOVA with post hoc test was performed as descried in figure 

legends. p < 0.05 was considered statistically significant. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S1. Gating strategy for splenic DC subsets. Splenic CD8α+ and CD11b+ DCs were identified 

by the indicated sequential gating strategy. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S2. Nucleotide and deduced amino acid sequences of CD80 and PD-L1 genes in Cd80–/– 

and Cd274–/– mice. (A) Cd80–/– mice were obtained using CRISPR/Cas9. Sequences of gRNA 

and PAM are indicated with black and green lines, respectively. A premature stop codon is 

expected to be introduced by the insertion of one nucleotide that is colored in red. The lack of 

CD80 expression was confirmed by the flowcytometric analysis (Fig. 1A). (B) Cd274–/– mice were 

obtained using CRISPR/Cas9. Sequences of gRNA and PAM are indicated with black and green 

lines, respectively. A premature stop codon is expected to be introduced by the insertion of one 

nucleotide that is colored in red. The lack of PD-L1 expression was confirmed by the 

flowcytometric analysis (Fig. 1A). 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S3. Generation of IIA1.6PD-L1 B and DO11.10PD-L1PD-1CD28 T cells. (A) 

Histogram plots showing expression levels of PD-L1, PD-L2, and CD80 on IIA1.6 (top) and 

IIA1.6PD-L1 (bottom) B cells. PE-labeled anti-PD-L1 Ab (MIH5) was used. (B) CD28-, PD-

L1-, and PD-1-expression levels on DO11.10 and DO11.10PD-L1PD-1CD28 T cells. Shaded 

histograms represent isotype control staining. Representative data of more than 2 independent 

experiments are shown. 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S4. Cis-CD80/PD-L1 interactions do not affect co-stimulatory and co-inhibitory 

functions of CD28 and CTLA-4, respectively. (A) Binding intensities of CD28-EC and CTLA-

4-EC on IIA1.6PD-L1 B cells overexpressing indicated molecules. (B) Expression levels of 

CD28 on DO11.10PD-L1PD-1CD28 T cells with or without CD28 overexpression. (C and 

D) No effect of cis-CD80/PD-L1 interactions on the co-stimulatory function of CD28. IL-2 

production from DO11.10PD-L1PD-1CD28 T cells with or without CD28 upon stimulation 

with IIA1.6PD-L1 B cells with or without PD-L1 in the absence (C) or presence (D) of CD80. 

Indicated amount of antigenic peptide was used. (E) Expression levels of intracellular CTLA-4 in 

DO11.10PD-1 T cells with or without CTLA-4 overexpression. (F and G) No effect of cis-

CD80/PD-L1 interactions on the co-inhibitory function of CTLA-4. IL-2 production from 

DO11.10PD-1 T cells with or without CTLA-4 upon stimulation with IIA1.6PD-L1 B cells 

with or without PD-L1 in the absence (F) or presence (G) of CD80. Shaded histograms represent 

isotype control staining (B, E). Error bars denote SEM. Representative data of more than 3 

independent experiments are shown.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S5. Trans-PD-L1/CD80 and trans-CD80/PD-L1 interactions between T cells and APCs 

do not suppress IL-2 production from DO11.10 T cells upon antigen stimulation. (A) PD-L1- 

and CD80-expression levels on DO11.10PD-L1PD-1CD28 T cells and IIA1.6PD-L1 B cells 

overexpressing PD-L1 or CD80. (B to D) IL-2 production from DO11.10PD-L1PD-1CD28 T 

cells overexpressing mock (C), PD-L1 (D), and CD80 (E) upon stimulation with IIA1.6PD-L1 

B cells overexpressing indicated molecules. No inhibitory effect by either trans-PD-L1/CD80 or 

trans-CD80/PD-L1 interactions between T cells and APCs was detected. PE-labeled anti-PD-L1 

Ab (MIH5) was used (A and B). Error bars denote SEM. Representative data of more than 2 

independent experiments are shown (A to E). 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S6. Expression of CD80 and PD-L1 on primary T cells upon TCR stimulation. (A and B) 

Splenocytes from wild-type mice were stimulated with anti-CD3 Ab (10 and 100 ng/ml) for 

indicated hours. Representative histogram plots are shown for B220-CD3+CD4+ (A) and B220-

CD3+CD8+ (B) cells. Shaded histograms represent isotype control staining.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S7. Isolation of PD-L1-mutants that can bind PD-1 even in the presence of CD80. (A) 

Schematic representations of chimeric molecules in which IgV- and IgC-domains of PD-L1, PD-

L2, CD80, and CD86 were swapped. (B to D) PD-1-EC-binding intensities of IIA1.6PD-L1 B 

cells expressing indicated molecules. IgV domains of CD80 (B) and PD-L1 (C, D) are required 

for the interference of PD-L1/PD-1 binding. (E) Isolation of IIA1.6PD-L1-CD80 B cells with 

PD-L1-mutants that acquired PD-1-EC binding capacity by 4 rounds of enrichment by cell sorting. 

(F and G) PD-1-EC-binding capacities of IIA1.6PD-L1-CD80 B cells expressing isolated PD-

L1 mutants (F) and PD-L1 with amino acid substitutions at Y56 (G). PD-1-EC-binding intensities 

of cells are shown relative to that of IIA1.6PD-L1-PD-L1 B cells without CD80. (H) Binding 

intensities of anti-PD-L1 Ab to IIA1.6PD-L1 B cells expressing indicated molecules are shown. 

Error bars denote SEM. Representative data of more than 2 independent experiments are shown 

(B to D and F to H).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S8. Isolation of CD80-mutants that cannot interfere with PD-L1/PD-1 binding. (A and 

B) Hydrophobicities of human CD80 (A) and CD86 (B) IgV domains. Hydrophobic and 

hydrophilic regions at the surface are colored in red and blue, respectively. The unique 

hydrophobic patch found in the DEB face of CD80 is indicated by red circle. (C) PD-1-EC-binding 

capacities of IIA1.6PD-L1-PD-L1 B cells expressing CD80 with amino acid substitutions at 

hydrophobic residues in the hydrophobic area. PD-1-EC-binding intensities of cells are shown 

relative to that of IIA1.6PD-L1-PD-L1 B cells without CD80. Error bars denote SEM. 

Representative data of more than 2 independent experiments are shown (C). 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S9. The abrogation of PD-1 function by cis-PD-L1/CD80 interactions also occurs in 

human orthologs. (A to C) Human CD80 interacts with human PD-L1 in cis to prevent human 

PD-L1 from engaging human PD-1. Binding intensities of human PD-1-EC and indicated Abs to 

IIA1.6PD-L1 B cells expressing human PD-L1 (A) or human PD-L2 (B) with human CD80 or 

human CD86 are shown. Binding intensities of human PD-1-EC to IIA1.6PD-L1 B cells 

expressing human PD-L1 with or without co-culture with IIA1.6PD-L1 B cells expressing human 

CD80 cells are shown (C). (D) Co-immunoprecipitation of human CD80 but not human CD86 

with human PD-L1. Green, red, and yellow arrowheads indicate monomeric human PD-L1, 

monomeric human CD80 or CD86 and human PD-L1/CD80 heterodimer, respectively. WCL: 

whole cell lysates without cross-linking. (E to G) IL-2 production from DO11.10PD-1 T cells 

with (left) or without (right) human PD-1 upon co-culture with indicated APCs pulsed with the 

indicated amount of antigenic peptide. Percent human PD-1-mediated inhibition of IL-2 

production is indicated. Error bars denote SEM. Representative data of more than 3 independent 

experiments are shown (A to G).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S10. Isolation of human PD-1 and CD80 mutants that lack cis-PD-L1/CD80 interactions. 

(A) PD-1-EC-binding capacities of IIA1.6PD-L1 B cells expressing human CD80 together with 

human PD-L1 with indicated mutations. (B and C) PD-1-EC-binding intensities of IIA1.6PD-L1 

B cells expressing human PD-L1N63D/G119S mutant with or without human CD80 (B) and 

IIA1.6PD-L1 B cells expressing human PD-L1 with human CD80, CD80-I92E, and CD80-

L104E (C). (D to G) IL-2 production from DO11.10PD-1 T cells with (left) or without (right) 

human PD-1 upon co-culture with APCs expressing indicated molecules. Indicated amount of 

antigenic peptide was used. Human PD-L1-N63D/G119S mutant elicited PD-1-mediated 

inhibition comparably with wild-type human PD-L1 (D). Human PD-L1-N63D/G119S mutant 

elicits PD-1-mediated inhibition in the presence of human CD80 (E). Human CD80-L104E mutant 

(F) cannot hinder PD-L1 from eliciting PD-1-mediated inhibition. Human CD86 does not inhibit 

the ability of PD-L1 to elicit PD-1 function (G). Error bars denote SEM. Representative data of 

more than 3 independent experiments are shown (B to G). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S11. Generation of Cd274Y56A mice. (A) Nucleotide sequence of ssODN used for the 

homologous recombination and nucleotide and deduced amino acid sequences of PD-L1 gene in 

Cd274Y56A mice. Sequences of gRNA and PAM are indicated with black and green lines, 

respectively. Substituted nucleotides and amino acid are colored in red. The recognition sequence 

of Hae III is indicated by blue box. (B) Sequencing of the PD-L1 gene in Cd274Y56A mice. (C) 

Genotyping of the Cd274Y56A mice by the restriction length polymorphism. Genomic PCR 

fragments of mice with indicated genotype were subjected to Hae III digestion before 

electrophoresis. Red and blue arrowheads indicate nucleotide fragments derived from wild-type 

and Cd274Y56A mice, respectively.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S12. Generation of Cd80L107E mice. (A) Nucleotide sequence of ssODN used for the 

homologous recombination and nucleotide and deduced amino acid sequences of CD80 gene in 

Cd80L107E mice. Sequences of gRNA and PAM are indicated with black and green lines, 

respectively. Substituted nucleotides and amino acid are colored in red. The recognition sequence 

of Stu I is indicated by blue box. (B) Sequencing of the CD80 gene in Cd80L107E mice. (C) 

Genotyping of the Cd80L107E mice by the restriction length polymorphism. Genomic PCR 

fragments of mice with indicated genotype were subjected to Stu I digestion before 

electrophoresis. Red and blue arrowheads indicate nucleotide fragments derived from wild-type 

and Cd80L107E mice, respectively. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S13. Binding intensities of PD-1-EC on activated CD8α+ and CD11b+ DCs in the absence 

of cis-PD-L1/CD80 interactions. (A) Binding intensities of PD-1-EC and indicated Abs on LPS-

activated BM-DCs and splenic CD8α+ and CD11b+ DCs from Cd274Y56A, Cd80L107E, and wild-

type mice are shown. (B) Binding intensities of CD28-EC and CTLA-4-EC on LPS-activated 

splenic CD8α+ and CD11b+ DCs from Cd274Y56A, Cd80L107E, and wild-type mice are shown. 

Representative data of more than 3 independent experiments are shown. 

 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S14. Binding intensities of PD-1-EC on CD8α+ and CD11b+ DCs activated with different 

TLR-agonists in the absence of cis-PD-L1/CD80 interactions. (A and B) PD-1-EC-binding 

intensities and PD-L1-, PD-L2-, and CD80-expression levels of activated CD8α+ and CD11b+ DCs 

from Cd80L107E, Cd80–/–, and wild-type mice. CD8α+ (A) and CD11b+ (B) DCs were activated 

with LPS (1 µg/ml), poly(I:C) (20 µg/ml), CpG (2 µg/ml), R848 (5 µg/ml), or Zymosan (10 µg/ml). 

(C) Extended analysis of (A) and (B) showing the correlation between PD-1-EC-binding 

intensities and PD-L1-expression levels on activated CD8α+ and CD11b+ DCs from Cd80L107E, 

Cd80–/–, and wild-type mice. (D) Extended analysis of (A) and (B) showing the correlation 

between PD-1-EC-binding intensities relative to Cd80–/– and PD-L1/CD80 ratio on activated 

CD8α+ and CD11b+ DCs from Cd80L107E and wild-type mice. The solid lines represent regression 

lines. The correlation coefficients are indicated. Representative data of more than 3 independent 

experiments are shown. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S15. Characterization of antigen-captured skin migratory DCs in dLNs of Cd274Y56A, 

Cd80L107E, and wild-type mice. (A and B) Expression levels of PD-L1, PD-L2, CD80, and CD86 

on CD11cintMHCIIhighXCR1+OVA+ (A) and CD11cintMHCIIhighCD11b+OVA+ (B) migratory DC 

subsets in skin dLNs from Cd274Y56A, Cd80L107E, and wild-type mice immunized with Alexa488-

OVA and poly(I:C). Relative MFIs normalized to wild-type cells are shown. (C and D) Expression 

levels of MHCI, CD40, OX40L, 4-1BBL, CD70, ICOSL, B7-H3, and B7-H4 on 

CD11cintMHCIIhighXCR1+OVA+ (C) and CD11cintMHCIIhighCD11b+OVA+ (D) migratory DC 

subsets in skin dLNs from Cd274Y56A, Cd80L107E, and wild-type mice immunized with Alexa488-

OVA and poly(I:C). Relative MFIs normalized to wild-type cells (top) and representative 

histogram plots (bottom) are shown (n=9 each). One-way ANOVA with Dunnett’s post hoc test. 

*p < 0.05; **p < 0.01; ***p < 0.001. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. S16. Characterization of OVA-specific CD8+ T cells induced in the absence or presence 

of cis-PD-L1/CD80 interactions. (A and B) H-2Kb-OVA-tetramer+ cells in skin dLNs from 

Cd274Y56A, Cd80L107E, and wild-type mice were analyzed 7 days after immunization with OVA 

and poly(I:C). MFIs (A) and representative histogram plots (B) of OVA-tetramer, CD28, ICOS, 

CD25, 4-1BB, and Ki-67 on H-2Kb-OVA-tetramer+ cells are shown (n=7 each). Representative 

data of more than 2 independent experiments are shown. One-way ANOVA with Dunnett’s post 

hoc test (A).  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table S1. Guide RNAs used for the deletion of genes in IIA1.6 B, DO11.10 T and BW-

1000.129.237 cells. 
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