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Cancer immunotherapies targeting programmed cell death 1 (PD-1) and cytotoxic T-lymphocyte antigen
4 revolutionized cancer treatment and instigated various trials to develop new cancer immunotherapies
with higher therapeutic efﬁcacy. Agonistic Abs against tumor necrosis factor receptor super family
(TNFRSF) molecules are highly expected due to their high potential to enhance survival, proliferation, and
effector function of T cells. To date, agonistic antibodies (Abs) against CD27, GITR, OX40, and 4-1BB have
been reported to increase the efﬁcacy of anti-PD-1 therapy in animal models and clinical trials of these
combinatorial therapies are underway. However, the mechanisms how agonistic Abs against TNFRSF
molecules potentiate anti-PD-1 therapy are not well understood. Here we examined the potency of PD-1
to inhibit the antigen-dependent activation of T cells in the presence of co-stimulation through CD27 and
GITR by using in vitro and ex vivo co-culture systems of T cells and antigen presenting cells. The cytokine
secretion from T cells upon antigen stimulation was strongly augmented by the engagement of CD27 or
GITR with their corresponding ligands. Remarkably, PD-1 efﬁciently inhibited the activation of T cells
even in the presence of co-stimulation through CD27 or GITR. Accordingly, cytokine secretion was
synergistically augmented when PD-1 blockade was combined with triggering of CD27 or GITR. These
results indicate that the triggering of TNFRSF molecules and PD-1 blockade can act on the same individual cells simultaneously to augment the magnitude of T cell activation, providing the rationale for the
combinatorial usage of agonistic Abs against TNFRSF molecules and blocking Abs against PD-1 or PD-L1.
© 2019 Published by Elsevier Inc.
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1. Introduction
Stimulatory and inhibitory co-receptors tightly control T cell
activation initiated by T cell receptor (TCR) signal to optimize immune responses against pathogens while suppressing harmful
immune responses [1e4]. The recent success in the eradication of
tumors with occasional development of immune-related adverse
events by caner immunotherapies targeting programmed cell
death 1 (PD-1) and cytotoxic T-lymphocyte antigen 4 (CTLA-4)
highlighted the importance of co-receptors in the regulation of
immune responses against tumor cells as well as self-tissues [5,6].
Although these therapies dramatically improved outcomes of patients with diverse cancer types and revolutionized cancer treatment, response rates are still limited. Therefore, strategies to
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enhance tumor-speciﬁc immune responses are extensively
explored.
The tumor necrosis factor receptor super family (TNFRSF) molecules are highly expected as potential targets of cancer immunotherapy [3,4,7e9]. TNFRSF molecules including OX40 (CD134,
Tnfrsf4), 4-1BB (CD137, Tnfrsf9), CD27 (Tnfrsf7), GITR (CD357,
Tnfrsf18), CD30 (Tnfrsf8), DR3 (Tnfrsf25), and TNFR2 (CD120b,
Tnfrsf1b) have been reported to promote proliferation and effector
function of T cells. CD27, DR3, TNFR2, and GITR are constitutively
expressed on most naive T cells and their expression levels are
increased upon activation. On the other hand, the expression of
OX40, 4-1BB, and CD30 can be detected only on activated T cells.
Upon interacting with corresponding ligands, TNFRSF molecules
activate the mitogen-activated protein kinases (MAPKs) and the
canonical and the non-canonical nuclear factor-kappa B (NF-kB)
pathways by recruiting TNFR associated factors (TRAFs). Agonistic
antibodies (Abs) against CD27, GITR, OX40, and 4-1BB have been
shown to enhance the therapeutic efﬁcacy of anti-PD-1 therapy in
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preclinical models and clinical trials of these combinatorial therapies have been started [10e17]. However, the mechanisms how
agonistic Abs against TNFRSF molecules potentiates anti-PD-1
therapy is not well understood.
The engagement of PD-1 with either of its two ligands, PD-L1
and PD-L2 during antigen stimulation leads to the phosphorylation of two tyrosine residues in the cytoplasmic region of PD-1, the
recruitment of protein tyrosine phosphatase, SHP-2 to the
membrane-distal phospho-tyrosine, and the decreased phosphorylation of various signaling molecules [18e20]. However, the potency of PD-1 to inhibit T cell activation in the presence of costimulation through TNFRSF molecules has not been tested directly.
Here we examined the potency of PD-1 to inhibit the antigendependent activation of T cells in the presence of co-stimulation
through CD27 and GITR by using co-culture systems of T cells and
antigen presenting cells (APCs). PD-1 efﬁciently inhibited the
robust T cell activation co-stimulated by CD27 and GITR both in
in vitro and ex vivo experimental systems. Accordingly, cytokine
secretion was synergistically augmented when PD-1 blockade was
combined with triggering of CD27 or GITR. These results indicate
that the triggering of TNFRSF molecules and PD-1 blockade can act
on the same individual cells simultaneously to augment the
magnitude of activation.

2.4. Mice
BALB/c mice (Japan SLC) were housed under speciﬁc pathogenfree conditions in environmentally controlled clean rooms. All
experimental procedures were planed and conducted according to
the institutional regulations complying with the Act on Welfare and
Management of Animals and the related guidelines in Japan. All
mouse protocols were approved by the Animal Experimentation
Committee of Tokushima University.
2.5. Flowcytometric analysis
Cultured cells and primary T cells were stained with the indicated Abs. Data were obtained with Gallios (Beckman Coulter) and
analyzed using FlowJo (Tree Star). Abs against CD8a (5H10, Paciﬁc
Orange) and GITR (DTA-1, Allophycocyanin) were purchased from
Thermo Fisher Scientiﬁc and TONBO Biosciences, respectively. Abs
against CD3ε (145-2C11, FITC), CD8a (53-6.7, FITC), and PD-L1
(MIH5, PE) were purchased from eBioscience. Abs against CD4
(RM4-5, PE and PE-Cy7), CD27 (LG.3A10, PE), CD45 (30-F11, Alexa
Fluor 700), CD70 (FR70, PE), CD90.2 Thy1.2 (53-2.1, Paciﬁc Blue),
GITR (DTA-1, PE), and PD-1 (RMP1-30, Allophycocyanin and biotin)
were purchased from Biolegend. Armenian hamster IgG (HTK888),
rat IgG2a (RTK2758), rat IgG2b (RTK4530), and Allophycocyaninconjugated streptavidin were purchased from Biolegend.

2. Materials and methods
2.6. Stimulation of DO11.10 T cells
2.1. Cell culture
DO11.10 T hybridoma and IIA1.6 B lymphoma 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 mg/ml streptomycin (Nacalai
Tesque). Plat-E 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 mg/ml streptomycin
(Nacalai Tesque).

2.2. 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). Plasmids were transfected using the 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 mg/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), or blasticidin (InvivoGen).

DO11.10 T cells (5  104 cells/well) were stimulated with indicated APCs (1  104 cells/well) pulsed with the indicated amount of
antigenic peptide (323e339 segment of chicken ovalbumin
(pOVA323-339), ISQAVHAAHAEINEAGR, >95% purity, Sigma-Aldrich
Japan or euroﬁns Genomics) in 96-well round bottom plate (BD
Biosciences) for 14 h. Where indicated, 0.5 mg/ml of anti-PD-L1 Ab
(1-111A) [22] or rat IgG2a isotype control were added.
2.7. Stimulation of primary T cells
Splenocytes and lymph node cells from BALB/c mice were
stimulated with anti-CD3ε Ab (0.3 mg/ml, 145-2C11) for 24 h. CD4þ
and CD8þ T cells were puriﬁed by using biotinylated Abs against
CD4 (RM4-5) and CD8a (53-6.7), respectively and Anti-Biotin
MicroBeads (Miltenyi Biotec) (>90% purity). Pre-activated primary
CD4þ T cells (2  104 cells/well) were stimulated with indicated
APCs (2  104 cells/well) pulsed with the indicated amount of antiCD3ε Ab (145-2C11) in 96-well round bottom plate (BD Bioscinences) for 36 h. Pre-activated primary CD8þ T cells
(1  104 cells/well) were stimulated with indicated APCs
(5  103 cells/well) pulsed with the indicated amount of anti-CD3ε
Ab (145-2C11) in 96-well round bottom plate for 36 h. The concentration of IL-2 and IFNg in the culture supernatant was determined by ELISA (Biolegend and Thermo scientiﬁc, respectively).

2.3. Targeted gene knockout

2.8. Statistical analysis

IIAdL1 cells were generated by using CRISPR/Cas9 system. The
guide RNA sequence (50 -GTATGGCAGCAACGTCACGA-30 ) was
cloned into pEF-BOS-Cas9-U6-guide, which was modiﬁed from
pEF-BOS [21] to express humanized Cas9 cDNA (Addgene) under
human EF-1a-promoter and guide RNA under U6 promoter in
opposite directions. Plasmids were transfected into cells by electroporation (Nucleofector II, Lonza) and cells that have lost PD-L1
expression were sorted by using cell sorter (MoFlo XDP, Beckman
Coulter) followed by limiting dilution. The introduction of loss-offunction mutations in PD-L1 genes was conﬁrmed by sequencing.

Two-tailed unpaired Student's t-test was used to evaluate statistical signiﬁcance. p < 0.05 was considered statistically signiﬁcant.
3. Results
3.1. Augmented IL-2 production from DO11.10 T cells upon antigen
stimulation by co-stimulation through CD27 and GITR
We ﬁrst tried to establish experimental systems to evaluate costimulatory effects of CD27 and GITR on T cell activation (Fig. 1A and
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Fig. 1. Augmented IL-2 production from DO11.10 T cells upon antigen stimulation by co-stimulation through CD27 and GITR. (A, B) Schematic representations of the stimulation of DO11.10 T cells in the presence of co-stimulation through CD27 (A) or GITR (B). (C, D) Expression levels of CD27 (C) and GITR (D) on T cells (top) and CD70 (C) and GITRL (D)
on APCs (bottom). (E) Augmented IL-2 production from DO11.10 T cells by co-stimulation through CD27. DO11.10-CD27 T cells were stimulated with pOVA323-339-pulsed APCs with
(right) or without (left) CD70. The concentration of IL-2 in the culture supernatant is shown. (F) Augmented IL-2 production from DO11.10 T cells by co-stimulation through GITR.
DO11.10-GITR T cells were stimulated with pOVA323-339-pulsed APCs with (right) or without (left) GITRL. The concentration of IL-2 in the culture supernatant is shown. Data are the
mean ± SEM of technical triplicates in one experiment. Data are representative of more than two independent experiments. ***p < 0.005.

B). We used DO11.10 T hybridoma cells that recognize 323e339
segment of chicken ovalbumin (pOVA323-339) in the context of I-Ad.
Upon co-culturing with pOVA323-339-pulsed APCs, DO11.10 T cells
are activated and secrete IL-2 in a manner dependent on the
amount of pOVA323-339. Thus, we can evaluate the magnitude of
activation based on the amount of secreted IL-2. Because DO11.10 T
cells weakly expressed GITR but not CD27, we overexpressed CD27
and GITR to obtain DO11.10-CD27 and DO11.10-GITR T cells (Fig. 1C
and D). We used IIA1.6 B lymphoma cells with the targeted deletion
of PD-L1 genes (IIAdL1 cells) as APCs. Because IIAdL1 cells did not
express ligands of CD27 and GITR (i.e., CD70 and GITRL, respectively), we overexpressed CD70 and GITRL in IIAdL1 cells to obtain
IIAdL1-CD70 and IIAdL1-GITRL cells (Fig. 1C and D). We evaluated
the effects of CD27 and GITR-engagements on the IL-2 secretion
from DO11.10 T cells by stimulating DO11.10-CD27 and DO11.10GITR T cells using APCs expressing corresponding ligands. CD27
co-stimulation increased the amount of IL-2 production upon antigen stimulation about 6.7 folds (Fig. 1E). IL-2 production was also
augmented about 1.8 and 3.3 folds by the co-stimulation through
endogenous and overexpressed GITR, respectively (Fig. 1F). Thus,
we could observe substantial co-stimulatory effects of CD27 and
GITR on antigen-dependent activation of DO11.10 T cells.

3.2. PD-1 inhibited the antigen-dependent activation of DO11.10 T
cells even in the presence of co-stimulation through CD27 and GITR
We tested the capacity of PD-1 to inhibit the antigen-dependent
activation of DO11.10 T cells in the presence of co-stimulation
through CD27 and GITR. DO11.10 T cells endogenously express
PD-1 and IL-2 production from DO11.10 T cells can be inhibited by
PD-1 when APCs express substantial amount PD-L1 [23]. We

stimulated DO11.10-CD27 and DO11.10-GITR T cells with APCs
expressing PD-L1 in the absence or presence of anti-PD-L1 blocking
Ab (i.e., with or without PD-1 engagement, respectively)
(Fig. 2AeC). PD-1 engagement substantially suppressed the IL-2
production from DO11.10 T cells upon antigen stimulation with
co-stimulation either through CD27 or GITR (Fig. 2DeI). The
inhibitory efﬁciency by PD-1 was slightly lower in the presence of
co-stimulation through CD27 and GITR (Fig. 2E and H). Remarkably,
DO11.10 T cells secreted much larger amount of IL-2 when PD-1
blockade was combined with the triggering of CD27 or GITR
(Fig. 2F and I).

3.3. Augmented cytokine production from primary T cells upon TCR
stimulation by co-stimulation through CD27 and GITR
Then we tried to test the inhibitory effect of PD-1 in the presence
of co-stimulation through CD27 and GITR using primary T cells
(Fig. 3AeC). First, we established experimental systems to evaluate
co-stimulatory effects of CD27 and GITR on the activation of primary T cells. Because PD-1 is not expressed on naive T cells, we
induced PD-1 expression by pre-activation with anti-CD3 Ab
(Fig. 3C). CD27 was substantially expressed on naive CD4þ and
CD8þ T cells in accordance with former reports [4]. We detected
slight up-regulation of CD27 on CD4þ and CD8þ T cells upon activation. GITR was weakly expressed on naive CD4þ and CD8þ T cells
and up-regulated upon activation in accordance with former reports (Fig. 3C) [3,4].
To stimulate pre-activated primary T cells with intact APCs and
engage co-receptors by native ligands, we presented anti-CD3ε Ab
on APCs overexpressing FcgRIIB (Fig. 3B). We could observe the
production of IL-2 and IFNg from primary CD4þ and CD8þ T cells,
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Fig. 2. PD-1 inhibited the antigen-dependent activation of DO11.10 T cells even in the presence of co-stimulation through CD27 and GITR. (A, B) Schematic representations of
the stimulation of DO11.10-CD27 (A) and DO11.10-GITR (B) T cells in the presence of PD-1 engagement. (C) Expression levels of PD-1 on DO11.10 T cells (top) and PD-L1 on IIAdL1-PDL1 cells (bottom). (DeI) PD-1-mediated inhibition of the activation of DO11.10 T cells in the presence of co-stimulation through CD27 (DeF) and GITR (GeI). DO11.10-CD27 (DeF) and
DO11.10-GITR (GeI) T cells were stimulated with pOVA323-339-pulsed APCs with (right) or without (left) ligands in the presence or absence of PD-1 engagement. Concentration of IL2 in the culture supernatant (D, G), percent PD-1-dependent inhibition of IL-2 production (average of 1 and 3 mM of pOVA323-339) (E, H), and fold changes of IL-2 production relative
to the condition without the blockade of PD-1 and the triggering TNFRSF molecules (3 mM of pOVA323-339) (F, I) are shown. Engagements of PD-1, CD27, and GITR are indicated. Data
are the mean ± SEM of technical triplicates in one experiment. Data are representative of more than two independent experiments. ***p < 0.005.

respectively in a manner dependent on the amount of anti-CD3ε
Ab. CD27 engagement augmented the production of IL-2 and IFNg
from primary CD4þ and CD8þ T cells about 10 and 4.6 folds,
respectively (Fig. 3D and E). Likewise, GITR engagement augmented
the production of IL-2 and IFNg from primary CD4þ and CD8þ T
cells about 22 and 7.3 folds, respectively (Fig. 3D and E). Thus, we
could observe strong co-stimulatory effects of CD27 and GITR on
TCR-dependent activation of primary CD4þ and CD8þ T cells.

GITR (Fig. 4EeH). The efﬁciency of PD-1 in suppressing CD4þ but
not CD8þ T cells was slightly lower in the presence of costimulation through CD27 and GITR (Fig. 4B and F). In accordance
with the ﬁndings in DO11.10 T cells, both CD4þ and CD8þ T cells
secreted much larger amount of cytokines when PD-1 blockade was
combined with the triggering of CD27 or GITR (Fig. 4C, D, G, and H).

3.4. PD-1 inhibited the TCR-dependent activation of primary T cells
even in the presence of co-stimulation through CD27 and GITR

Agonistic Abs against CD27, GITR, OX40, and 4-1BB have been
shown to increase the therapeutic efﬁcacy of anti-PD-1 therapy in
preclinical models and clinical trials of these combinatorial therapies are underway [10e17]. However, the mechanisms how
agonistic Abs against TNFRSF molecules potentiate anti-PD-1
therapy are not well understood. Triggering of TNFRSF molecules
and PD-1 blockade may act on different types of cells in parallel. For
example, triggering of GITR, CD27, or 4-1BB has been reported to
delete or inactivate regulatory T cells to make an immunostimulatory microenvironment, while PD-1 blockade is known to

We evaluated the capacity of PD-1 to inhibit the TCR-dependent
activation of primary CD4þ and CD8þ T cells in the presence of costimulation through CD27 and GITR. PD-1 engagement strongly
suppressed IL-2 production from CD4þ T cells even in the presence
of co-stimulation through CD27 and GITR (Fig. 4AeD). PD-1
engagement also strongly suppressed IFNg production from CD8þ
T cells even in the presence of co-stimulation through CD27 and

4. Discussion
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Fig. 3. Augmented cytokine production from primary T cells upon TCR stimulation by co-stimulation through CD27 and GITR. (A) A schematic representation of the
experiment. (B) Schematic representations of the stimulation of primary T cells without (left) or with the engagement of CD27 (middle) and GITR (right). (C) Expression levels of
CD27, GITR, and PD-1 on CD4þ (top) and CD8þ (bottom) T cells stimulated with the indicated amount of anti-CD3 Ab for 24 h. (D, E) Augmented production of IL-2 from CD4þ T cells
(D) and IFNg from CD8þ T cells (E) by CD27 (middle) and GITR (right) engagement. CD4þ (D) and CD8þ (E) T cells were stimulated using indicated APCs pulsed with the indicated
amount of anti-CD3 Ab. Concentration of IL-2 (D) or IFNg (E) in the culture supernatant is shown. Data are the mean ± SEM of technical triplicates in one experiment. Data are
representative of more than two independent experiments. ***p < 0.005 vs. APCs without CD70 and GITRL by two-tailed unpaired Student's t-test.

augment the effector function of CD8þ T cells [11,24,25]. Alternatively, triggering of TNFRSF molecules and PD-1 blockade may act
on the same individual cells simultaneously or at different phases
of activation. Triggering of CD27 or OX40 has been reported to
facilitate the priming of tumor-speciﬁc T cells and increase their
number but also up-regulate PD-1 expression [15,26]. Thus triggering of TNFRSF molecules and PD-1 blockade may act at the
priming and the effector phases, respectively. Because activated T
cells expressing PD-1 also express a variety of TNFRSF molecules,
triggering of TNFRSF molecules and PD-1 blockade may function
simultaneously in the same individual cells. However, whether PD1 can inhibit the robust T cell activation by the co-stimulatory effects of TNFRSF molecules has not been tested directly.
In the current study, by using in vitro and ex vivo co-culture
systems of T cells and APCs, we clearly demonstrated that PD-1
could inhibit the functional activation of T cells even in the presence of co-stimulation through TNFRSF molecules, CD27 and GITR.
Remarkably, T cells secreted much larger amount of cytokines when
triggering of TNFRSF molecules and PD-1 blockade were combined.
These results suggest that triggering of TNFRSF molecules and PD-1
blockade may act on the same individual tumor speciﬁc T cells
simultaneously to augment the magnitude of activation resulting in

the facilitation of tumor eradication.
TNFRSF molecules are well known for their co-stimulatory capacities on the antigen-dependent activation of lymphocytes
[3,4,9]. However, how signals through TNFRSF molecules enhance
TCR-dependent signal is not fully understood. So et al. reported that
OX40 recruited PI3K and Akt to the immunological synapse in
TRAF2-dependent manner, which resulted in the enhanced availability of PI3K and Akt to TCR signaling complex and the subsequent augmentation of TCR-dependent signal [27]. In addition,
TNFRSF molecules activate the MAPK and the canonical and the
non-canonical NF-kB pathways using TRAFs [3,4,9]. Because theses
pathways are also activated by TCR-dependent signal, the synergistic activation of these pathways might explain the costimulatory effects of TNFRSF molecules on TCR-dependent signal.
The inhibition of TCR-dependent signal by PD-1 likely results in the
proportional suppression of the overall magnitude of T cell activation in the presence of co-stimulation through CD27 and GITR.
The recent success of anti-PD-1 and anti-CTLA-4 therapies
revolutionized cancer immunotherapy. However, their response
rates are still limited. Precise and deeper understandings of the
molecular coordination among multiple inhibitory and stimulatory
co-receptors will support the future development of effective and
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Fig. 4. PD-1 inhibited the TCR-dependent activation of primary T cells even in the presence of co-stimulation through CD27 and GITR. (AeD) PD-1-dependent inhibition of the
activation of primary CD4þ T cells in the presence of co-stimulation through CD27 and GITR. Pre-activated primary CD4þ T cells were stimulated using indicated APCs pulsed with
the indicated amount of anti-CD3 Ab in the presence or absence of PD-1 engagement. Concentration of IL-2 in the culture supernatant (A) and the percent PD-1-dependent inhibition of IL-2 production (B) are shown. Fold changes of IL-2 production relative to the condition without PD-1 blockade and the triggering of TNFRSF molecules are shown for
CD27 (C) and GITR (D) (10 mg/ml of anti-CD3 Ab). (EeH) PD-1-dependent inhibition of the activation of primary CD8þ T cells in the presence of co-stimulation through CD27 and
GITR. Pre-activated primary CD8þ T cells were stimulated as in (A). Concentration of IFNg in the culture supernatant (F) and the percent PD-1-dependent inhibition of IFNg
production (D) are shown. Fold changes of IFNg production are shown for CD27 (G) and GITR (H) as in (C, D) (0.2 mg/ml of anti-CD3 Ab). Engagements of PD-1, CD27, and GITR by
their ligands are indicated (C, D, G, H). Data are the mean ± SEM of technical triplicates in one experiment. Data are representative of more than two independent experiments.
**
p < 0.01 and ***p < 0.005.

safe cancer immunotherapies.
Conﬂicts of interest

providing IIA1.6, Plat-E cells, and DO11.10 T hybridoma cells,
respectively, Y. Okamoto, M. Aoki, A. Otsuka, H. Tsuduki, and R.
Matsumura for technical and secretarial assistances, and the other
members of our laboratory for helpful discussions.

The authors have no conﬂicts of interest to declare.
Transparency document
Acknowledgements
We thank Drs. T. Kurosaki, T. Kitamura and T. Honjo for kindly

Transparency document related to this article can be found
online at https://doi.org/10.1016/j.bbrc.2019.02.004.

Please cite this article as: R. Mizuno et al., PD-1 efﬁciently inhibits T cell activation even in the presence of co-stimulation through CD27 and
GITR, Biochemical and Biophysical Research Communications, https://doi.org/10.1016/j.bbrc.2019.02.004

R. Mizuno et al. / Biochemical and Biophysical Research Communications xxx (xxxx) xxx

Funding
This work was supported by the Japan Science and Technology
Agency; the Japan Agency for Medical Research and Development
(JP18am0301007); and the Japan Society for the Promotion of Science (JP18H05417). R.M. was supported by Katsunuma scholarship.

[15]

[16]

References
[1] T. Okazaki, S. Chikuma, Y. Iwai, S. Fagarasan, T. Honjo, A rheostat for immune
responses: the unique properties of PD-1 and their advantages for clinical
application, Nat. Immunol. 14 (2013) 1212e1218.
[2] F.A. Schildberg, S.R. Klein, G.J. Freeman, A.H. Sharpe, Coinhibitory pathways in
the B7-CD28 ligand-receptor family, Immunity 44 (2016) 955e972.
[3] L.K. Ward-Kavanagh, W.W. Lin, J.R. Sedy, C.F. Ware, The TNF receptor superfamily in Co-stimulating and Co-inhibitory responses, Immunity 44 (2016)
1005e1019.
[4] Y. Zhu, S. Yao, L. Chen, Cell surface signaling molecules in the control of immune responses: a tide model, Immunity 34 (2011) 466e478.
[5] A. Ribas, J.D. Wolchok, Cancer immunotherapy using checkpoint blockade,
Science 359 (2018) 1350e1355.
[6] C. Sun, R. Mezzadra, T.N. Schumacher, Regulation and function of the PD-L1
checkpoint, Immunity 48 (2018) 434e452.
[7] S.L. Buchan, A. Rogel, A. Al-Shamkhani, The immunobiology of CD27 and OX40
and their potential as targets for cancer immunotherapy, Blood 131 (2018)
39e48.
[8] T. So, H. Nagashima, N. Ishii, TNF receptor-associated factor (TRAF) signaling
network in CD4(þ) T-lymphocytes, Tohoku J. Exp. Med. 236 (2015) 139e154.
[9] T. So, M. Croft, Regulation of PI-3-Kinase and Akt signaling in T lymphocytes
and other cells by TNFR family molecules, Front. Immunol. 4 (2013) 139.
[10] T. Ahrends, N. Babala, Y. Xiao, H. Yagita, H. van Eenennaam, J. Borst, CD27
agonism plus PD-1 blockade recapitulates CD4þ T-cell help in therapeutic
anticancer vaccination, Cancer Res. 76 (2016) 2921e2931.
[11] S.L. Buchan, L. Dou, M. Remer, S.G. Booth, S.N. Dunn, C. Lai, M. Semmrich,
I. Teige, L. Martensson, C.A. Penfold, H.T.C. Chan, J.E. Willoughby,
C.I. Mockridge, L.N. Dahal, K.L.S. Cleary, S. James, A. Rogel, P. Kannisto,
M. Jernetz, E.L. Williams, E. Healy, J.S. Verbeek, P.W.M. Johnson, B. Frendeus,
M.S. Cragg, M.J. Glennie, J.C. Gray, A. Al-Shamkhani, S.A. Beers, Antibodies to
costimulatory receptor 4-1BB enhance anti-tumor immunity via T regulatory
cell depletion and promotion of CD8 T cell effector function, Immunity 49
(2018) 958e970 e957.
[12] S.L. Buchan, M. Fallatah, S.M. Thirdborough, V.Y. Taraban, A. Rogel, L.J. Thomas,
C.A. Penfold, L.Z. He, M.A. Curran, T. Keler, A. Al-Shamkhani, PD-1 blockade
and CD27 stimulation activate distinct transcriptional programs that synergize for CD8(þ) T-cell-driven antitumor immunity, Clin. Cancer Res. 24 (2018)
2383e2394.
[13] F. Hirano, K. Kaneko, H. Tamura, H. Dong, S. Wang, M. Ichikawa, C. Rietz,
D.B. Flies, J.S. Lau, G. Zhu, K. Tamada, L. Chen, Blockade of B7-H1 and PD-1 by
monoclonal antibodies potentiates cancer therapeutic immunity, Cancer Res.
65 (2005) 1089e1096.
[14] L. Lu, X. Xu, B. Zhang, R. Zhang, H. Ji, X. Wang, Combined PD-1 blockade and

[17]

[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]

[27]

7

GITR triggering induce a potent antitumor immunity in murine cancer models
and synergizes with chemotherapeutic drugs, J. Transl. Med. 12 (2014) 36.
D.J. Messenheimer, S.M. Jensen, M.E. Afentoulis, K.W. Wegmann, Z. Feng,
D.J. Friedman, M.J. Gough, W.J. Urba, B.A. Fox, Timing of PD-1 blockade is
critical to effective combination immunotherapy with anti-OX40, Clin. Cancer
Res. 23 (2017) 6165e6177.
A.W. Tolcher, M. Sznol, S. Hu-Lieskovan, K.P. Papadopoulos, A. Patnaik,
D.W. Rasco, D. Di Gravio, B. Huang, D. Gambhire, Y. Chen, A.D. Thall, N. Pathan,
E.V. Schmidt, L.Q.M. Chow, Phase Ib study of Utomilumab (PF-05082566), a 41BB/CD137 agonist, in combination with pembrolizumab (MK-3475) in patients with advanced solid tumors, Clin. Cancer Res. 23 (2017) 5349e5357.
B. Wang, W. Zhang, V. Jankovic, J. Golubov, P. Poon, E.M. Oswald, C. Gurer,
J. Wei, I. Ramos, Q. Wu, J. Waite, M. Ni, C. Adler, Y. Wei, L. Macdonald,
T. Rowlands, S. Brydges, J. Siao, W. Poueymirou, D. MacDonald,
G.D. Yancopoulos, M.A. Sleeman, A.J. Murphy, D. Skokos, Combination cancer
immunotherapy targeting PD-1 and GITR can rescue CD8(þ) T cell dysfunction and maintain memory phenotype, Sci. Immunol. 3 (2018).
E. Hui, J. Cheung, J. Zhu, X. Su, M.J. Taylor, H.A. Wallweber, D.K. Sasmal,
J. Huang, J.M. Kim, I. Mellman, R.D. Vale, T cell costimulatory receptor CD28 is
a primary target for PD-1-mediated inhibition, Science 355 (2017)
1428e1433.
T. Okazaki, A. Maeda, H. Nishimura, T. Kurosaki, T. Honjo, PD-1 immunoreceptor inhibits B cell receptor-mediated signaling by recruiting src homology
2-domain-containing tyrosine phosphatase 2 to phosphotyrosine, Proc. Natl.
Acad. Sci. U. S. A. 98 (2001) 13866e13871.
K.A. Sheppard, L.J. Fitz, J.M. Lee, C. Benander, J.A. George, J. Wooters, Y. Qiu,
J.M. Jussif, L.L. Carter, C.R. Wood, D. Chaudhary, PD-1 inhibits T-cell receptor
induced phosphorylation of the ZAP70/CD3zeta signalosome and downstream
signaling to PKCtheta, FEBS Lett. 574 (2004) 37e41.
S. Mizushima, S. Nagata, pEF-BOS, a powerful mammalian expression vector,
Nucleic Acids Res. 18 (1990) 5322.
M. Ishida, Y. Iwai, Y. Tanaka, T. Okazaki, G.J. Freeman, N. Minato, T. Honjo,
Differential expression of PD-L1 and PD-L2, ligands for an inhibitory receptor
PD-1, in the cells of lymphohematopoietic tissues, Immunol. Lett. 84 (2002)
57e62.
T. Okazaki, I.M. Okazaki, J. Wang, D. Sugiura, F. Nakaki, T. Yoshida, Y. Kato,
S. Fagarasan, M. Muramatsu, T. Eto, K. Hioki, T. Honjo, PD-1 and LAG-3
inhibitory co-receptors act synergistically to prevent autoimmunity in mice,
J. Exp. Med. 208 (2011) 395e407.
H.A. Burris, J.R. Infante, S.M. Ansell, J.J. Nemunaitis, G.R. Weiss, V.M. Villalobos,
B.I. Sikic, M.H. Taylor, D.W. Northfelt, W.E. Carson 3rd, T.R. Hawthorne,
T.A. Davis, M.J. Yellin, T. Keler, T. Bullock, Safety and activity of varlilumab, a
novel and ﬁrst-in-class Agonist anti-CD27 antibody, in patients with advanced
solid tumors, J. Clin. Oncol. 35 (2017) 2028e2036.
J. Shimizu, S. Yamazaki, T. Takahashi, Y. Ishida, S. Sakaguchi, Stimulation of
CD25(þ)CD4(þ) regulatory T cells through GITR breaks immunological selftolerance, Nat. Immunol. 3 (2002) 135e142.
H. Akiba, H. Oshima, K. Takeda, M. Atsuta, H. Nakano, A. Nakajima, C. Nohara,
H. Yagita, K. Okumura, CD28-independent costimulation of T cells by OX40
ligand and CD70 on activated B cells, J. Immunol. 162 (1999) 7058e7066.
T. So, H. Choi, M. Croft, OX40 complexes with phosphoinositide 3-kinase and
protein kinase B (PKB) to augment TCR-dependent PKB signaling, J. Immunol.
186 (2011) 3547e3555.

Please cite this article as: R. Mizuno et al., PD-1 efﬁciently inhibits T cell activation even in the presence of co-stimulation through CD27 and
GITR, Biochemical and Biophysical Research Communications, https://doi.org/10.1016/j.bbrc.2019.02.004

