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ABSTRACT
Background  Immune checkpoint blockade (ICB) induces 
durable clinical responses in patients with various types 
of cancer. However, its limited clinical efficacy requires 
the development of better approaches. In addition 
to immune checkpoint molecules, tumor-infiltrating 
immunosuppressive cells including regulatory T cells 
(Tregs) play crucial roles in the immune suppressive 
tumor microenvironment. While phosphatidylinositol 
3-kinase (PI3K) inhibition as a Treg-targeted treatment 
has been implicated in animal models, its effects on 
human Tregs and on the potential impairment of effector 
T cells are required to be clarified for successful cancer 
immunotherapy.
Methods  The impact of a selective-PI3K inhibitor 
ZSTK474 with or without anti-programmed cell death 1 
(PD-1) monoclonal antibody on Tregs and CD8+ T cells 
were examined with in vivo animal models and in vitro 
experiments with antigen specific and non-specific 
fashions using peripheral blood from healthy individuals 
and cancer patients. Phenotypes and functions of Tregs 
and effector T cells were examined with comprehensive 
gene and protein expression assays.
Results  Improved antitumor effects by the PI3K inhibitor 
in combination with ICB, particularly PD-1 blockade, were 
observed in mice and humans. Although administration of 
the PI3K inhibitor at higher doses impaired activation of 
CD8+ T cells as well as Tregs, the optimization (doses and 
timing) of this combination treatment selectively decreased 
intratumoral Tregs, resulting in increased tumor antigen-
specific CD8+ T cells in the treated mice. Moreover, on the 
administration of the PI3K inhibitor with the optimal dose 
for selectively deleting Tregs, PI3K signaling was inhibited 
not only in Tregs but also in activated CD8+ T cells, leading 
to the enhanced generation of tumor antigen-specific 
memory CD8+ T cells which contributed to durable 
antitumor immunity. These opposing outcomes between 
Tregs and CD8+ T cells were attributed to the high degree 
of dependence on T cell signaling in the former but not in 
the latter.
Conclusions  PI3K inhibitor in the combination with ICB 
with the optimized protocol fine-tuned T cell activation 
signaling for antitumor immunity via decreasing Tregs and 
optimizing memory CD8+ T cell responses, illustrating a 
promising combination therapy.

BACKGROUND
Cancer immunotherapy has emerged as a 
new class of cancer treatment with enormous 
clinical efficacy, even at advanced stages of 
disease. Immune checkpoint blockade (ICB), 
for example, by targeting cytotoxic T-lympho-
cyte associated antigen 4 (CTLA-4) and/or 
programmed cell death 1/programmed cell 
death ligand 1 (PD-1/PD-L1) with mono-
clonal antibodies (mAbs), can induce/
resurge T cell responses against tumor 
cells, resulting in durable clinical benefit in 
multiple cancer types.1 2 According to the 
cancer immunoediting hypothesis, cancers 
reduce their expression of immunogenic 
molecules and employ multiple immune 
suppressive mechanisms including the 
expression of immune checkpoint molecules 
to establish an immunosuppressive tumor 
microenvironment (TME) and thus escape 
immunosurveillance.3 4 Hence, ICB can yield 
valuable clinical responses, yet more than half 
of the treated patients fail to respond to this 
therapy.5 This limited success is explained by 
the involvement of multiple immunosuppres-
sive mechanisms, stressing the importance of 
developing combinatorial strategies targeting 
the various different suppressive mechanisms 
in the TME.6

In addition to immune checkpoint mole-
cules, immune suppressive cells such as regu-
latory T cells (Tregs) play crucial roles in the 
immune suppressive TME.7–9 CD4+ Tregs 
expressing the transcription factor forkhead 
box P3 (FOXP3) are indispensable for the 
maintenance of immunological self-tolerance 
and homeostasis.8 However, FOXP3+CD4+ 
Tregs are also abundant in tumor tissues,7–9 
and their depletion augments spontaneous 
and vaccine-induced T cell antitumor immune 
responses in animal models.7 In humans, 
increased numbers of FOXP3+CD4+ Tregs 
and, in particular, decreased ratios of CD8+ 
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T cells to FOXP3+CD4+ Tregs among tumor-infiltrating 
lymphocytes (TILs), are significantly correlated with 
poor prognosis in various types of cancer.7 9 Therefore, 
Tregs are an attractive therapeutic target for cancer 
immunotherapy.7

Phosphatidylinositol 3-kinases (PI3Ks), a family of lipid 
kinases that phosphorylates phosphatidylinositol, are 
classified into three classes based on their primary struc-
ture and substrate specificity.10 The class I PI3Ks consist 
of PI3Kα, PI3Kβ, PI3Kδ (class IA) and PI3Kγ (class IB).10 
PI3Kα and PI3Kβ are expressed ubiquitously whereas 
PI3Kδ and PI3Kγ are expressed mainly in leukocytes.10 
Class I PI3K signaling is often activated in tumor cells and 
plays important roles in their proliferation and survival.11 
Inhibitors against class I PI3K to directly attack tumor 
cells therefore are thought to be a promising cancer 
therapy.11 We have previously reported a selective PI3K 
inhibitor, ZSTK474, which inhibits all of the four class I 
PI3K isoforms, with a 3.5-fold to 10-fold higher specificity 
for PI3Kδ over the other PI3K isoforms, but not other 
139 protein kinases tested.12 13 In T cells, PI3Kδ is highly 
expressed and transduces signals from the T-cell receptor 
(TCR), costimulatory receptors and cytokine receptors, 
thereby contributing to T cell differentiation, survival, 
and activation.14 Inactivation of PI3Kδ leads a decreased 
frequency and less suppressive capacity of Tregs, resulting 
in the activation of CD8+ T cell responses and subsequent 
tumor regression.15–17 Therefore, PI3Kδ inhibitors may be 
good candidates for combination therapy with ICB thera-
pies such as PD-1 blockade. However, as PI3K signaling is 
also essential in effector T cell function such as memory T 
cell generation,18–20 complete PI3Kδ inactivation impairs 
CD8+ T cell function, canceling any advantages via Treg 
impairment.21 Therefore, the impact of PI3Kδ inhibitors 
on effector T cells in combination with ICB needs to be 
clarified for developing the combination.

Here, we show the combination of the PI3K inhibitor 
ZSTK474 and anti-PD-1 mAb as a novel cancer immu-
notherapy to achieve decreased Treg function and 
augmented effector T cell function with an optimized 
protocol. The optimized combination treatment provided 
a far stronger and durable inhibition of tumor growth. 
Additionally, the combination treatment increased 
tumor-specific CD8+ memory T cells via modulating PI3K 
signaling. Our data shed new light on the importance of 
optimizing the treatment protocol in combination cancer 
immunotherapy in which reagents that target T cell acti-
vation signals are employed.

MATERIALS AND METHODS
Cell lines and mice
CMS5a is a 3-methylcholanthrene-induced fibrosarcoma 
cell line of BALB/c origin. CMS5a-NY-ESO-1 is a cell line 
derived from CMS5a stably transfected with New York 
esophageal squamous cell carcinoma 1 (NY-ESO-1).22 
B16F0 is a naturally developed malignant melanoma cell 
line in C57BL/6 mice. CMS5a, CMS5a-NY-ESO-1 and 

B16F0 were maintained in RPMI-1640 supplemented with 
10% fetal bovine serum and 4 mmol/L of L-glutamine 
(CSTI, Miyagi, Japan) and were used after confirming 
that they were negative for Mycoplasma, as determined by 
testing with a PCR Mycoplasma Detection Kit (TaKaRa) 
according to the manufacturer’s instructions. Female 
BALB/c and C57BL/6 mice aged 6–7 weeks old were 
purchased from CLEA Japan (Tokyo, Japan). All mice 
were maintained in a specific pathogen-free facility at 
National Cancer Center Japan (Tokyo/Chiba, Japan).

Antibodies and reagents
Antibodies used in this study are listed in online supple-
mental table S1. Peptides to stimulate T cells and major 
histocompatibility complex (MHC)-peptide tetramers to 
detect antigen-specific CD8+ T cells are listed in online 
supplemental table S2. ZSTK474 was synthesized by the 
R&D center of Zenyaku Kogyo (Tokyo, Japan) and Idelal-
isib was purchased from Selleck Chemicals (Houston, 
Texas, USA). These compounds were dissolved in 
dimethyl sulfoxide (DMSO) for in vitro experiments. 
ZSTK474 selectively inhibits PI3Kδ: it shows no or 
limited inhibition against more than 200 protein kinases 
(online supplemental table S3).12 13 Although ZSTK474 
also inhibited mammalian target of rapamycin (mTOR) 
in kinase inhibition assays, its inhibition activity was 80 
times higher against PI3Kδ than mTOR, indicating that 
ZSTK474 is a selective PI3K inhibitor with high specificity 
against PI3Kδ.13

In vivo animal model
Details of animal experiments are described in online 
supplemental materials and methods.

Murine cell isolation and staining
Details of the protocol for isolation and staining of murine 
cells to analyze T cell populations by flow cytometry are 
described in online supplemental materials and methods.

In vitro CD3/CD28 stimulation
Details of the in vitro CD3/CD28 stimulation for T cell 
proliferation assay are described in online supplemental 
materials and methods.

In vitro sensitization of antigen-specific CD8+ T cells
Details of the protocol for in vitro sensitization of antigen-
specific CD8+ T cells by peptide antigen are described in 
online supplemental materials and methods.

Human cell staining
Details of the protocol for staining human peripheral 
blood mononuclear cells (PBMCs) to analyze T cell popu-
lations by flow cytometry are described in online supple-
mental materials and methods.

Phospho-flow cytometry
Details of the flow cytometric analysis of phspho-proteins 
in T cells are described in online supplemental materials 
and methods.
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Immunoblotting
Details of the immunoblot analysis are described in online 
supplemental materials and methods.

RNA-seq analysis
Details of the RNA-seq analysis are described in online 
supplemental materials and methods.

Quantitative real-time PCR
Details of the real-time quantitative RT-PCR analysis are 
described in online supplemental materials and methods.

Statistics
Significance of differences between groups was deter-
mined with Excel and GraphPad Prism V.5 software 
using one-way analysis of variance (ANOVA) with post 
hoc Tukey’s test or Dunnett’s test, two-way ANOVA with 
post hoc Dunnett’s test, Kruskal-Wallis post hoc Steel’s 
test, unpaired two-tailed Student's t-test, Gehan-Breslow-
Wilcoxon test and log rank test. Values of p<0.05 were 
considered statistically significant.

RESULTS
Treatment with the PI3K inhibitor ZSTK474 activates antitumor 
immunity
Since complete PI3K inactivation in T cells impairs not 
only Tregs but also effector T cells, canceling the bene-
fits of Treg disruption,21 we first investigated the optimal 
protocol for ZSTK474 to augment antitumor immune 
responses via decreasing Tregs and activating effector T 
cells such as CD8+ T cells. To explore the potential of the 
combination treatment with ZSTK474 and PD-1 blockade, 
we employed tumor cell lines (CMS5a and B16F0) that are 
resistant to PD-1 blockade.23 Mice-bearing CMS5a cells 
stably expressing a tumor antigen, NY-ESO-1 (CMS5a-NY-
ESO-1) were treated with ZSTK474. ZSTK474 treatment 
exhibited antitumor effects and decreased intratumoral 
Tregs in a dose-dependent manner. However, high-dose 
(300 mg/kg) treatment of ZSTK474, but not low (30 mg/
kg) or intermediate-dose (100 mg/kg) treatment, signifi-
cantly decreased all CD4+ and CD8+ T cell subsets. While 
tumor antigen (NY-ESO-1)-specific CD8+ T cells were 
increased at the intermediate dose, the treatment of high-
dose ZSTK474 failed to increase NY-ESO-1-specific CD8+ 
T cells (figure 1A and online supplemental figure S1A,B).

We next examined the effects of ZSTK474 treatment 
on PI3K signaling in T cells. Treatment with ZSTK474 to 
mice-bearing CMS5a-NY-ESO-1 reduced phosphorylation 
of PI3K signaling molecules including Akt and S6, but 
not a PI3K upstream molecule SH2 domain–containing 
leukocyte protein of 76 kDa (SLP-76), in Tregs, CD4+ 
T cells and CD8+ T cells in a dose dependent manner 
(figure 1B and online supplemental figure S1C). There-
fore, the treatment of high dose ZSTK474 such as 300 mg/
kg significantly decreases the entire CD4+ and CD8+ T cell 
subsets including Tregs through inhibiting PI3K signaling 
in T cells whereas the treatment of intermediate dose 

ZSTK474 such as 100 mg/kg selectively decreases Tregs 
through inhibiting PI3K signaling at moderate degree, 
that leaves weak-to-intermediate signaling of PI3K to 
allow helper CD4+ and CD8+ T cell proliferation.

Since intermittent regimen with PI3K inhibitor is 
comparably or more effective than continuous regimen,24 
we addressed whether the intermittent dosing with 
ZSTK474 showed superior antitumor effects and T cell 
activation compared with the continuous dosing with 
ZSTK474. Mice-bearing CMS5a-NY-ESO-1 were treated 
with ZSTK474 at the intermittent or the continuous 
dosing schedule. Both dosing schedules exhibited similar 
antitumor effects, Treg suppression, induction of NY-ESO-
1-specific CD8+ T cells and body weight loss. Then, we 
employed the continuous dosing schedule for further 
experiments (online supplemental figure S1D–F). At the 
continuous dosing, Tregs were suppressed from day 10, 
and then NY-ESO-1-specific CD8+ T cells were induced 
at day 14 (online supplemental figure S1G), indicating 
that ZSTK474 treatment impairs Treg suppression, conse-
quently inducing the activation of tumor antigen-specific 
CD8+ T cells.

We confirmed whether ZSTK474 treatment at the 
intermediate dose (100 mg/kg) exhibited tumor growth 
inhibition via T cell activation. Mice-bearing CMS5a-NY-
ESO-1 were treated with ZSTK474 and depleted CD4+ 
T cells or CD8+ T cells using anti-CD4 mAb or anti-CD8 
mAb, respectively. ZSTK474 treatment significantly 
inhibited tumor growth, but depletion of either CD4+ T 
cells or CD8+ T cells abrogated the antitumor effects of 
ZSTK474, indicating that both CD4+ T cells and CD8+ T 
cells contribute to tumor growth inhibition by ZSTK474 
(figure 1C).

Treatment with a combination of ZSTK474 and anti-PD-1 mAb 
mediates strong antitumor effects associated with decreased 
Tregs and increased tumor antigen-specific CD8+ T cells
As ZSTK474 alone did not achieve the complete eradi-
cation of tumors and ZSTK474 treatment significantly 
induced PD-1 expression on intra-tumoral CD8+ T cells 
(online supplemental figure S1H), we investigated anti-
tumor effects of a combination treatment with ZSTK474 
and anti-PD-1 mAb. Mice-bearing CMS5a-NY-ESO-1 were 
treated with ZSTK474 (100 mg/kg) and anti-PD-1 mAb 
either alone or in combination. Anti-CTLA-4 mAb (ipilim-
umab) leads to depletion of CTLA-4-expressing Tregs and 
yields higher response rates in combination with anti-PD-1 
mAb (nivolumab) in some patients with malignant mela-
noma, kidney cancer and lung cancer.25 In this combina-
tion therapy, nivolumab followed by ipilimumab appears 
to be more clinically beneficial compared with the oppo-
site order.26 Thus, we explored antitumor effects of three 
different protocols of the combination treatment: 1) 
ZSTK474 and anti-PD-1 mAb were concurrently adminis-
tered, (2) ZSTK474 single treatment was started and then 
anti-PD-1 mAb plus ZSTK474 combination treatment 
was followed, and (3) anti-PD-1 mAb alone was started 
and then ZSTK474 plus anti-PD-1 mAb combination 
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Figure 1  Treatment of ZSTK474 alone or in combination with anti-PD-1 mAb activates antitumor immunity via Treg 
suppression. (A) The relative changes of intratumoral Treg, tumor antigen-specific CD8+ T cell, CD4+ T cell and CD8+ T cell 
counts per tumor volume (mm3) by ZSTK474 treatment in mice-bearing CMS5a-NY-ESO-1. ZSTK474 was administrated at 30, 
100 or 300 mg/kg once a day from day 6 to 13. T cells were collected from tumors 14 days after tumor inoculation and were 
subjected to flow cytometry. Data are means±SD. (B) Phosphorylation status of Akt at S473 (p-Akt) and S6 at S235/236 (p–S6) 
in Tregs, helper CD4+ T cells and CD8+ T cells in DLNs of mice-bearing CMS5a-NY-ESO-1 treated with ZSTK474 at 30, 100 
or 300 mg/kg once a day from day 6 to 12. DLNs were collected from mice 2 hours after the last administration and T cells in 
DLNs were subjected to flow cytometry. Representative flow cytometry histograms (upper panels) and summaries of mean 
fluorescence (MFI) of p-Akt and p-S6 in Tregs, helper CD4+ T cells and CD8+ T cells are shown. (C) Tumor growth inhibition of 
CMS5a-NY-ESO-1 tumors by ZSTK474 treatment (n=6 per group) in CD4+ or CD8+ T cell-deleted mice. (D) Antitumor effects 
of the combination therapy with ZSTK474 and anti-PD-1 mAb (three different protocols) in CMS5a-NY-ESO-1 model (n=8 per 
group). ZSTK474 and anti-PD-1 mAb were administered as shown in each upper panel. (E) Survival curves of CMS5a-NY-ESO-
1-bearing mice treated with or without ZSTK474 (once a day from day 9 to 28) and/or anti-PD-1 mAb (day 6, 9, 13 and 16). (F, 
G) Mice-bearing CMS5a-NY-ESO-1 were treated with or without ZSTK474 (once a day from day 9 to 15) and/or anti-PD-1 mAb 
(day 6, 9 and 13). T cells were collected from spleens and tumors at 16 days after tumor inoculation and were subjected to flow 
cytometry. The frequencies of Tregs in CD4+ T cells in spleens (left) and tumors (right in F), the frequencies of NY-ESO-1 specific 
CD8+ T cells (left), CD8+ T cell:Treg ratio (middle) and NY-ESO-1-specific CD8+ T cell:Treg ratio (right in G) in tumors. Data 
are means±SE. Statistical analyses were performed by Dunnett’s test (A, B, D, F, G), Student’s t-test (C) and Gehan-Breslow-
Wilcoxon test (E). These experiments were performed independently at least two to three times with similar results. *P<0.05; 
**p<0.01; ***p<0.001. DLNs, draining lymph nodes; mAbs, monoclonal antibodies; ns, not significant; Treg, regulatory T cells.
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treatment was followed (figure  1D). Only one protocol 
(#3), in which anti-PD-1 mAb alone was started and then 
ZSTK474 plus anti-PD-1 mAb combination treatment was 
followed, showed a significantly efficient tumor growth 
inhibition and improved survival compared with either 
ZSTK474 or anti-PD-1 mAb alone (figure 1D and E). In 
the optimal protocol, Tregs in tumors and spleens were 
significantly reduced by ZSTK474 treatment alone or in 
combination with anti-PD-1 mAb, although the differ-
ence with Tregs in tumors between vehicle and ZSTK474 
alone groups were not statistically significant (figure 1F 
and online supplemental figure S2A,B). In the other 
protocols (#1 and #2), Tregs in tumors were also signifi-
cantly reduced by ZSTK474 treatment alone, but adding 
anti-PD-1 mAb to ZSTK474 treatment impaired the 
reduction of Tregs by ZSTK474 (online supplemental 
figure S3A). Tumor antigen (NY-ESO-1)-specific CD8+ T 
cells were significantly increased in tumors by ZSTK474 
treatment alone and further augmented in combina-
tion with anti-PD-1 mAb in any protocols (figure 1G and 
online supplemental figure S2C,S3B). Accordingly, in 
the optimal protocol, but not the other two protocols, 
intratumoral CD8+ T cell:Treg ratios and tumor antigen 
(NY-ESO-1)-specific CD8+ T cell:Treg ratios were signifi-
cantly increased in the combination treatment group 
compared with either treatment alone (figure  1G and 
online supplemental figure S3C), indicating that the 
immune balance (effector vs inhibitory) in the TME is 
shifted toward effector T cell responses against the tumor 
by the optimal combination treatment.

Since ZSTK474 inhibits all of the four class I PI3K 
isoforms, with a 3.5-fold to 10-fold higher specificity for 
PI3Kδ over the other PI3K isoforms, α, β and γ,13 we 
compared Treg suppression activity of ZSTK474 with 
that of PI3Kδ specific inhibitor, Idelalisib in the optimal 
protocol. Idelalisib treatment comparably decreased 
Tregs compared with ZSTK474. However, tumor antigen 
(NY-ESO-1)-specific CD8+ T cells was not efficiently acti-
vated by the treatment with Idelalisib, suggesting that a 
pan-PI3K inhibitor ZSTK474 may be superior to a PI3Kδ 
specific inhibitor Idelalisib in activating effector T cells 
(online supplemental figure S3D).

The strong antitumor efficacy in the optimal protocol 
prompted us to examine the potential of the combina-
tion treatment in less immunogenic tumors such as 
B16F0 that are resistant to PD-1 blockade.23 Mice-bearing 
B16F0 cells were treated with ZSTK474 and anti-PD-1 
mAb either alone or in combination. The combination 
treatment exhibited a significantly superior tumor growth 
inhibition and activation of T cell responses against 
B16F0 melanoma, a PD-1 blockade-resistant tumor 
(online supplemental figure S4A,B). We also examined 
the antitumor effects by the combination treatment of 
ZSTK474 at high dose (300 mg/kg) with anti-PD-1 mAb 
on tumor growth. As expected, the combination treat-
ment failed to augment the antitumor effects by ZSTK474 
alone (online supplemental figure S4C). Taken together, 
the PI3K inhibitor ZSTK474 at the intermediate dose 

(100 mg/kg) decreases Tregs and increases antitumor 
CD8+ T cells, and the antitumor CD8+ T cell responses are 
further augmented by pretreatment with anti-PD-1 mAb, 
resulting in a far stronger tumor growth inhibition by the 
combination treatment.

ZSTK474 augments antigen-specific CD8+ T cell induction/
activation via inhibiting Tregs in humans
Since ZSTK474 augmented antitumor CD8+ T cell 
responses in murine models, we next asked whether it 
would also increase antigen-specific T cell responses in 
humans. There are at least two types of tumor antigens: 
(1) tumor-specific antigens (TSAs), which are either 
oncogenic viral proteins or abnormal proteins stemming 
from somatic mutations (neoantigens), and (2) tumor-
associated antigens (TAAs), which are highly or aber-
rantly expressed normal proteins.27 As surrogate TSAs, 
we employed cytomegalovirus (CMV) and influenza 
virus (Influenza), and assessed antigen-specific CD8+ T 
cell responses against CMV and Influenza using CMV/
HLA-A*0201 and Influenza/HLA-A*0201 tetramers. 
CMV- and Flu-specific CD8+ T cells were elicited by the 
stimulation with each cognate antigen, and this was 
significantly increased by ZSTK474 treatment (figure 2A 
and B). We further analyzed whether ZSTK474 amplified 
TAA-specific CD8+ T cell responses using a representative 
TAA, Melan-A (also known as MART-1). Melan-A-specific 
CD8+ T cells were significantly increased by treatment 
with ZSTK474 (figure 2C). Together, ZSTK474 augments 
TSA and TAA-specific CD8+ T cell responses in humans.

To examine whether ZSTK474 increased antigen-
specific CD8+ T cell responses directly or indirectly via 
inhibiting Treg suppression, we sorted Tregs (CD4+C-
D25high), helper CD4+ T cells (CD4+CD25-) and CD8+ 
T cells from human PBMCs and evaluated the effect of 
ZSTK474 on proliferation of each T cell population. As 
a control, PI3Kδ inhibitor, Idelalisib of which kinase inhi-
bition activity for PI3Kδ is comparable to ZSTK474, was 
used. While helper CD4+ T cells and CD8+ T cells vigor-
ously proliferated in response to anti-CD3/anti-CD28 
mAb stimulation, ZSTK474 strongly inhibited the prolif-
eration of Tregs compared with helper CD4+ or CD8+ T 
cells as well as Idelalisib (figure 2D). As the treatment of 
high dose ZSTK474 in vivo significantly reduced CD4+ T 
cells and CD8+ T cells in addition to Tregs, we examined 
whether high concentration (10 µM) of ZSTK474 inhib-
ited proliferation of not only Tregs but also CD4+ T cells 
and CD8+ T cells in vitro. High concentration of ZSTK474 
significantly inhibited proliferation of CD4+ T cells and 
CD8+ T cells as well as Tregs (figure 2E). Thus, the opti-
mized dosage of ZSTK474 selectively inhibits Treg prolif-
eration due to PI3Kδ inhibition, but not other T cells 
such as helper CD4+ T cells and CD8+ T cells.

ZSTK474 inhibits PI3K signaling in T cell subsets
The different effects of ZSTK474 on Tregs, helper CD4+ T 
cells and CD8+ T cells led us to examine PI3K signaling in 
each T cell type in response to ZSTK474 in vitro. Human 
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Figure 2  Inhibition of PI3K signaling by ZSTK474 increases induction of antigen-specific CD8+ T cells by selectively inhibiting 
Tregs in humans. (A–C) CD8+ T cell responses to CMV (A), Influenza (B) or Melan-A (C) peptides treated with the indicated 
doses of ZSTK474. Antigen-specific CD8+ T cells in peripheral blood mononuclear cells (PBMCs) from healthy individuals were 
detected by MHC/peptide multimers. Representative flow cytometric analysis (left) and summaries of triplicate data (right). 
The numbers in the panels indicate the frequencies of gated CD8+ T cells. These experiments were performed independently 
at least two to three times with similar results. (D, E) Tregs (CD4+CD25high), helper CD4+ T cells (CD4+CD25-) and CD8+ T cells 
were prepared from human PBMCs and labeled with CFSE. Proliferation was examined by CFSE dilution after stimulation with 
anti-CD3/anti-CD28 mAb for 4 days with or without the indicated dose of ZSTK474 or Idelalisib. A representative staining (upper 
panels in D) and summaries of three independent experiments (lower panles in D and E). The numbers in the panels indicate the 
frequencies of proliferated T cells. Data are means±SE. Statistical analyses were performed by Dunnett’s test (A–C) and Tukey’s 
test (D, E). *P<0.05; **p<0.01; ***p<0.001. CMV, cytomegalovirus; mAb, monoclonal antibody; ns, not significant; Treg, regulatory 
T cell.
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PBMCs were stimulated with anti-CD3/anti-CD28 mAb 
with or without ZSTK474, and phosphorylation levels 
of the TCR signaling molecules in the stimulated Tregs, 
helper CD4+ T cells and CD8+ T cells were examined with 
flow cytometry. While the stimulation with anti-CD3/
anti-CD28 mAb induced the phosphorylation of the TCR 
signaling molecules including SLP-76 (p-SLP-76), Akt 

(p-Akt) and S6 (p-S6) in helper CD4+ T cells and CD8+ T 
cells as well as Tregs, ZSTK474 significantly reduced the 
phosphorylation of PI3K signaling molecules including 
Akt in Tregs, helper CD4+ T cells and CD8+ T cells in a 
dose dependent manner (figure  3A,B). The upstream 
molecule of PI3K, SLP-76 was slightly reduced in Tregs 
and CD8+ T cells, but not in helper CD4+ T cells by 

Figure 3  ZSTK474 inhibits PI3K signaling not only in Tregs but also in CD8+ T cells. (A, B) Phosphorylation status of SLP-76 
at Y128 (p-SLP-76) and Akt at S473 (p-Akt) after stimulation with anti-CD3/anti-CD28 mAb at the indicated time points with 
the indicated doses of ZSTK474. Representative flow cytometry histograms (A) and summaries of mean fluorescence (MFI) of 
p-SLP-76 and p-Akt (B) in Tregs, helper CD4+ T cells and CD8+ T cells. Data are means±SE. (C) Phosphorylation of Akt at S473 
(p-Akt) and S6 at S235/236 (p–S6) after stimulation with anti-CD3/anti-CD28 mAb for 20 min with or without ZSTK474 (1 or 
10 µM). Representative pictures of immunoblot analyses (left) and the average of quantification values of bands (right). Data are 
means±SD. Statistical analyses were performed by Student’s t-test (B), and Dunnett’s test (C). *P<0.05; **p<0.01; ***p<0.001. 
mAb, monoclonal antibody.
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ZSTK474 (figure 3A,B). We further confirmed the activa-
tion levels of PI3K signaling on ZSTK474 treatment with 
immunoblotting in Tregs and CD8+ T cells in which the 
remarkable inhibition of PI3K signaling was observed 
with flowcytometry. ZSTK474 completely inhibited the 
phosphorylation of Akt in Tregs and CD8+ T cells at any 
concentrations tested (1 µM and 10 µM) although the 
phosphorylation of S6 was inhibited in Tregs and CD8+ T 
cells in a dose-dependent manner (figure 3C and online 
supplemental figure S5). In the inhibition of cell prolif-
eration, ZSTK474 selectively inhibited proliferation of 
Tregs at 1 µM, whereas high concentration (10 µM) of 
ZSTK474 significantly inhibited helper CD4+ T cells and 
CD8+ T cells as well as Tregs. These results suggest that 
PI3K signaling is essential for Tregs while inactivation, 
though leaving weak-to-intermediate signaling, of PI3K 
signaling by ZSTK474 treatment at intermediate concen-
tration such as 1 µM may allow the proliferation of helper 
CD4+ T cells and CD8+ T cells.

Inhibition of PI3K signaling by ZSTK474 in CD8+ T cells 
enhances memory T cell differentiation
Based on the above results, we investigated how inhibition 
of PI3K signaling by ZSTK474 influenced CD8+ T cells 
by comprehensively analyzing gene expression profiles. 
Naive CD8+ T cells (CD45RA+CCR7+) prepared from 
human PBMCs were stimulated with anti-CD3/anti-CD28 
mAb in the presence or absence of ZSTK474 for 24 or 48 
hours and were subjected to RNA-seq analysis. Principal 
component analysis and cluster analysis revealed that the 
gene expression profiles of naive CD8+ T cells and CD8+ 
T cells stimulated with anti-CD3/anti-CD28 mAb for 24 
or 48 hours were differently clustered (figure 4A,B). As 
expected, CD8+ T cells stimulated with anti-CD3/anti-
CD28 mAb highly expressed effector T cell signature 
genes, whereas expression of naive T cell signature genes 
was significantly reduced in those cells compared with 
naive CD8+ T cells (figure  4C,D). On treatment of the 
stimulated CD8+ T cells with ZSTK474, memory T cell 
signature rather than effector T cell signature was signifi-
cantly enriched in the stimulated CD8+ T cells with the 
gene expression profiles (figure  4E,F). These CD8+ T 
cells treated with ZSTK474 further increased the expres-
sion of a subset of genes associated with TCF7-expressing 
TILs, which reportedly share molecular and functional 
similarities to memory cells.28 By contrast, a subset of 
genes highly expressed in TCF7-non-expressing TILs 
were detected in CD8+ T cells that were not treated with 
ZSTK474 (figure 4F). In accordance with these signature 
analyses, memory cell-related molecules were increased 
in CD8+ T cells treated with ZSTK474 compared with 
those not treated with ZSTK474, although effector cell-
related genes were decreased in CD8+ T cells treated with 
ZSTK474 compared with those not treated with ZSTK474 
(figure  4G). In particular, the expression of the key 
transcription factors in the differentiation of memory T 
cells including TCF7, BCL6 and EOMES was significantly 
upregulated in ZSTK474-treated CD8+ T cells, while the 

expression of T-BET, which is an important transcrip-
tion factor for promoting the terminal differentiation 
of effector T cells, was not enhanced in CD8+ T cells by 
ZSTK474 treatment (figure 4H).20 28 Therefore, ZSTK474 
enhances the expression of memory cell-associated tran-
scription factors early after T cell stimulation, leading to 
the predominant memory T cell differentiation rather 
than exhausted state during CD8+ T cell activation (illus-
trated in figure 4I).

We further explored the influence of PI3K inhibition 
by ZSTK474 on CD8+ memory T cell differentiation. 
Naive CD8+ T cells (CD45RA+CCR7+) were prepared 
from human PBMCs and stimulated with anti-CD3/anti-
CD28 mAb with or without ZSTK474 or Idelalisib for 
8 days. ZSTK474 treatment significantly increased CD8+ 
memory precursor effector cells (MPECs)29 detected 
as KLRG1-CD127+ phenotype and decreased apoptosis, 
although the levels of proliferation marker Ki67 were 
similar regardless of ZSTK474 treatment (figure 5A–C). 
Idelalisib treatment significantly, although weaker than 
ZSTK474 treatment, increased MPECs (figure  5D). In 
helper CD4+ T cells, PI3Kα and PI3Kβ provide a redun-
dant pathway to PI3Kδ.16 Although it remains fully eluci-
dated that PI3Kα and PI3Kβ have roles in CD8+ T cells 
as well as helper CD4+ T cells, this could be a reason why 
pan-PI3K inhibitor ZSTK474 is more effective than PI3Kδ 
specific inhibitor Idelalisib to induce memory CD8+ T 
cells. We next examined MPEC induction by high concen-
tration (10 µM) of ZSTK474 treatment. As expected, 
high concentration of ZSTK474 treatment significantly 
reduced the absolute counts of MPECs (figure 5E). Since 
memory T cells could differentiate from naive and effector 
T cells after antigen recognition,30 we examined whether 
ZSTK474 recalled MPECs from effector CD8+ T cells. 
Effector CD8+ T cells (CD45RA-CCR7-) were prepared 
from human PBMCs and stimulated with anti-CD3/anti-
CD28 mAb with or without ZSTK474 for 8 days. ZSTK474 
significantly increased MPEC generation from effector 
CD8+ T cells as well as naive CD8+ T cells (figure  5F). 
These results indicate that although we cannot completely 
rule out the possibility that the memory T cells induced 
by ZSTK474 could be differentiated from a few naive T 
cells contaminated in the sorted effector T cells, memory 
T cells are differentiated from naive and effector, prob-
ably early/juvenile effector, T cells. We also examined 
the influence of ZSTK474 on CD8+ memory T cell differ-
entiation following antigen-specific T cell stimulation. 
To this end, CD8+ T cells from PBMCs were stimulated 
with X-irradiated (35 Gy) antigen-presenting cells (APCs, 
CD4-CD8-PBMCs) pulsed with Melan-A or CMV peptide 
overnight as previously described.22 Eight days later, 
Melan-A or CMV-specific CD8+ T cells stimulated by the 
cognate antigen were significantly increased by ZSTK474 
treatment (figure 5G). More importantly, MPECs in the 
antigen-specific CD8+ T cell populations were also signifi-
cantly enhanced by ZSTK474 treatment (figure 5H). To 
further examine the induction of TAA-specific memory 
T cells by ZSTK474 in cancer settings, we used PBMCs 

https://dx.doi.org/10.1136/jitc-2020-002279
https://dx.doi.org/10.1136/jitc-2020-002279


9Isoyama S, et al. J Immunother Cancer 2021;9:e002279. doi:10.1136/jitc-2020-002279

Open access

Figure 4  CD8+ T cells treated with ZSTK474 exhibits memory T cell-like gene expression profiles. (A–G) Naive CD8+ T cells 
(CD45RA+CCR7+) prepared from PBMCs of three healthy individuals were stimulated with anti-CD3/anti-CD28 mAb for 24 
and 48 hours with or without ZSTK474 (1 µM) and subjected to RNA-seq analysis. (A, B) Principal component analysis (A) 
and unsupervised hierarchical clustering (B) of gene expression profiles in unstimulated naive CD8+ T cells and CD8+ T cells 
stimulated for 24 or 48 hours. (C, D) Representative gene-set enrichment analysis (GSEA) plots (C) and summaries of GSEA 
(D). The enrichment of naive or effector CD8+ T cell signatures in unstimulated CD8+ T cells versus stimulated CD8+ T cells is 
shown. Color scale represents the enrichment score in unstimulated CD8+ T cells compared with that in stimulated CD8+ T 
cells. Circle size indicates the false discovery rate (FDR) in (D). (E, F) Representative GSEA plots (E) and summaries of GSEA 
(F). The enrichment of effector or memory CD8+ T cell signatures in stimulated CD8+ T cells without vs with ZSTK474 is shown. 
(G) Heatmap showing relative gene expression of effector and memory T cell-associated genes in CD8+ T cells stimulated with 
vs without ZSTK474 for 24 or 48 hours. (H) Real-time quantitative RT-PCR analysis of memory T cell-associated transcription 
factors. mRNA levels of TCF-7, BCL-6, EOMES, T-BET and IL7R were measured. Data are the average of triplicate assays and 
are means±SE. These experiments were performed independently at least twice to three times with similar results. (I) Schematic 
illustration of Waddington’s landscape model showing differentiation of naive CD8+ T cells into effector and memory T cells by 
antigen stimulation in the presence or absence of ZSTK474, a PI3K inhibitor. Statistical analyses were performed by Student’s 
t-test (H). *P<0.05; **p<0.01; ***p<0.001. mAb, monoclonal antibody; ns, not significant; PBMCs, peripheral blood mononuclear 
cells; TILs, tumor-infiltrating lymphocytes.



10 Isoyama S, et al. J Immunother Cancer 2021;9:e002279. doi:10.1136/jitc-2020-002279

Open access�

Figure 5  Inhibition of PI3K signaling by ZSTK474 in CD8+ T cells enhances memory T cell differentiation. (A–F) Naive CD8+ 
T cells (CD45RA+CCR7+) (A–E) and effector CD8+ T cells (CD45RA-CCR7-) (F) prepared from PBMCs of healthy individuals 
were stimulated with anti-CD3/anti-CD28 mAb for 8 days with or without the indicated doses of ZSTK474 or Idelalisib. 
Representative flow cytometry staining (left) and summary (right) of the frequencies of MPECs (KLRG1-CD127+) in CD8+ T cells 
(A), the frequencies of activated-caspase-3+CD8+ T cells in CD8+ T cells (B), the mean fluorescence intensity (MFI) of Ki67 (C), 
summary of the frequencies of MPECs (KLRG1-CD127+) in CD8+ T cells (D), absolute counts of MPEC per well in 96-well plates 
(E) and the frequencies of MPECs (KLRG1-CD127+) in CD8+ T cells (F). The numbers in the panels indicate the frequencies in 
CD8+ T cells (A, B) and the MFI of Ki67 in the indicated cells with the same color (C). (G, H) CD8+ T cells in PBMCs from healthy 
individuals were stimulated by X-irradiated APCs pulsed with Melan-A or CMV peptide with or without the indicated doses of 
ZSTK474 for 8 days. Representative flow cytometry staining (left) and summaries (right) of the frequencies of antigen-specific 
CD8+ T cells (G) and MPECs in antigen-specific CD8+ T cells (H). The numbers in the panels indicate the frequencies in CD8+ 
T cells (G) and the frequencies in antigen-specific CD8+ T cells (H). (I, J) CD8+ T cell responses against cancer antigens treated 
with the indicated doses of ZSTK474. CD8+ T cells in PBMCs from gastric cancer patients were cultured with or without 
ZSTK474 in the presence of X-irradiated CD4−CD8− PBMCs as APCs pulsed with WT-1, NY-ESO-1, MAGE-A3 or MAGE-A4 
peptide. Flow cytometry staining of antigen-specific CD8+ T cells (I) and MPECs in antigen-specific CD8+ T cells (J). The 
experiments (A–H) were performed independently at least two to three with similar results. Data are means±SE. Statistical 
analyses were performed by Dunnett’s test (D–H). *P<0.05; **p<0.01; ***p<0.001. APCs, antigen-presenting cells; CMV, 
cytomegalovirus; mAb, monoclonal antibody; MPECs, memory precursor effector cells; nd, no data; ns, not significant; PBMCs, 
peripheral blood mononuclear cells.
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from three gastric cancer patients who exhibited humoral 
immune responses against WT-1, NY-ESO-1, MAGE-A3 
or MAGE-A4 that were expressed by their own tumors. 
ZSTK474 treatment markedly increased both tumor 
antigen-specific CD8+ T cells and MPECs in these patients 
in vitro (figure 5I,J). Thus, ZSTK474 promotes the differ-
entiation of activated CD8+ T cells into memory T cells via 
inhibition of PI3K signaling.

The combination with ZSTK474 and anti-PD-1 mAb increases 
memory T cells and exhibits durable antitumor effects
To examine induction of memory T cells by the combi-
nation treatment with ZSTK474 and anti-PD-1 mAb, we 
investigated MPECs in spleens, draining lymph nodes 
(DLNs) and tumors in mice-bearing CMS5a-NY-ESO-1 
tumors after the combination treatment. MPECs in tumor 
antigen (NY-ESO-1)-specific CD8+ T cells in spleens, DLNs 
and tumors were increased by ZSTK474 treatment alone 
or in combination with anti-PD-1 mAb (figure  6A and 
online supplemental figure S6A). Idelalisib treatment 
also comparably, although slightly less effective, induced 
MPECs in tumors compared with ZSTK474 either alone 
or in combination with anti-PD-1 mAb (online supple-
mental figure S6B). In agreement with the induction of 
MPECs, ZSTK474 treatment alone or in the combination 
also increased the memory marker-expressing T cells 
including TCF7+ T cells in tumors and CD62L+ T cells in 
spleens and DLNs although this difference was not statis-
tically significant in spleens (figure 6A and online supple-
mental figure S6C,D).

We then addressed the durability of the antitumor 
effects based on the enhanced memory T cell genera-
tion. Since ZSTK474 treatment alone were not able to 
completely eradicate the initial CMS5a-NY-ESO-1 tumor, 
mice that had completely eradicated the initial tumor by 
treatment with anti-PD-1 mAb with or without ZSTK474 
were rechallenged with CMS5a-NY-ESO-1 cells (right 
hind flank) and parental CMS5a cells (left hind flank) 
70 days after primary tumor inoculation. Mice treated 
with anti-PD-1 mAb alone or combination were resis-
tant to rechallenge with CMS5a-NY-ESO-1 cells in line 
with NY-ESO-1-specific memory CD8+ T cell generation 
in mice that eradicated the initial tumors, although the 
frequency of these was low in the anti-PD-1 mAb treat-
ment group (figure 6A,B). Interestingly, parental CMS5a 
cells in mice treated with the combination were almost 
completely rejected whereas vigorous growth of parental 
CMS5a tumors was observed in mice treated with anti-
PD-1 mAb alone (figure 6B). Accordingly, the survival rate 
after rechallenge was significantly improved in the combi-
nation treatment group compared with those treated with 
anti-PD-1 mAb alone (figure 6C).

As CMS5a tumors reportedly harbor an internal tumor 
antigen (CMS5a-intAg) recognized by CD8+ T cells,31 we 
analyzed CD8+ T cell responses against NY-ESO-1 and 
CMS5a-intAg 5 days after the secondary tumor inoculation. 
NY-ESO-1-specific CD8+ T cells were notably enhanced in 
spleens, DLNs and tumors in the combination treatment 

group relative to the anti-PD-1 mAb single treatment 
group (figure 6D). Moreover, CMS5a-intAg-specific CD8+ 
T cells were also more strongly induced in tumors from 
mice treated with the combination than in those treated 
with anti-PD-1 mAb alone, although this difference was 
not statistically significant (figure 6E).

Given that ZSTK474 influenced both Tregs and memory 
CD8+ T cells, we further investigated whether Treg deple-
tion alone was sufficient to induce the durable antitumor 
effects through increasing MPECs and memory T cell 
response. To this end, CMS5a-NY-ESO-1-bearing mice 
were treated with anti-CD25 mAb or anti-CTLA-4 mAb, 
both of which reportedly induce tumor regression via 
depleting Tregs,32 in combination with anti-PD-1 mAb. 
Although treatment with anti-CD25 mAb effectively 
depleted Tregs and increased NY-ESO-1-specific CD8+ T 
cells in combination with anti-PD-1 mAb, this treatment 
failed to increase MPECs (figure 6F). Similar results were 
observed with combination of anti-CTLA-4 mAb and 
anti-PD-1 mAb (online supplemental figure S7A,B). In 
memory T cell response, mice treated with the combi-
nation of anti-CD25 mAb and anti-PD-1 mAb did not 
manifest any greater induction of NY-ESO-1- or CMS5a-
intAg-specific CD8+ T cells after inoculation of secondary 
tumors in any examined tissues than with anti-PD-1 mAb 
alone (figure  6D,E). Altogether, the combination treat-
ment with ZSTK474 and anti-PD-1 mAb increases memory 
T cell formation not only against NY-ESO-1 but also an 
internal tumor antigen(s) present in parental CMS5a 
cells and augments durable antitumor effects by a mech-
anism unrelated to Treg reduction and subsequent acti-
vation of T cell response via controlling PI3K signaling in 
CD8+ T cells.

DISCUSSION
ICB therapies have shown remarkable clinical benefits in 
various types of cancer.1 2 Yet, clinical benefits are limited 
to a subset of treated patients.5 6 Tregs are involved in the 
resistance to ICB therapies.33 The PI3Kδ inhibitor Idelal-
isib has been reported to preferentially inhibit Tregs 
compared with effector T cells.34 In the clinical setting, 
the impairment of Tregs was also observed in peripheral 
blood from patients with chronic lymphocytic leukemia 
treated with Idelalisib, although hepatotoxicity charac-
terized by increased infiltrations of T cells was concomi-
tantly observed.35 ZSTK474 also induced immune-related 
toxicities including rash and diarrhea in earlier clinical 
trials, suggesting augmented immune responses.36 There-
fore, PI3Kδ inhibitors could be a candidate for combi-
nation therapy with ICB therapies. However, Idelalisib 
was slightly inferior to ZSTK474 in MPEC induction and 
tumor antigen (NY-ESO-1)-specific CD8+ T cell activa-
tion. One can then envision that as strong PI3Kδ inhibi-
tion impairs activation and proliferation of CD8+ T cells 
and abrogates any advantages of Treg impairment in 
antitumor immunity,21 suggesting that the window of the 
optimal dose of Idelalisib may be narrow compared with 
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Figure 6  ZSTK474 but not anti-CD25 mAb in combination with anti-PD-1 mAb increases memory T cells in vivo, resulting in 
augmented durable antitumor effects. (A) Effects of ZSTK474 and anti-PD-1 mAb either alone or in combination on induction of 
MPECs, TCF7+ T cells and CD62L+ T cells in vivo. The frequencies of MPECs, TCF7+ T cells and CD62L+ T cells in NY-ESO-1-
specific CD8+ T cells in spleens, DLNs and tumors 16 days after tumor inoculation. (B, C) Durable antitumor effects of anti-PD-1 
mAb alone or the combination. Mice that completely eradicated the initial CMS5a-NY-ESO-1 tumors by treatment with anti-
PD-1 mAb with or without ZSTK474 were re-challenged with CMS5a-NY-ESO-1 (right hind flank) and parental CMS5a (left hind 
flank) 70 days after the initial tumor inoculation. Individual tumor growth curves for rechallenged CMS5a-NY-ESO-1 and parental 
CMS5a (B) and survival curves of the re-challenged mice (C). (D, E) CD8+ memory T cell responses in spleens, DLNs and tumors 
after rechallenge with CMS5a-NY-ESO-1 and parental CMS5a in mice that completely eradicated the initial CMS5a-NY-ESO-1 
tumors by treatment with anti-PD-1 mAb with/without ZSTK474 or anti-CD25 mAb. The frequencies of NY-ESO-1 (D) or internal 
tumor antigen in CMS5a (CMS5a-intAg) (E) specific CD8+ T cells in spleens, DLNs and tumors after 52 days from the primary 
tumor inoculation. (F) Effect of anti-CD25 mAb (250 µg/dose; day −1, 150 µg/dose; day 6) on Tregs, NY-ESO-1-specific CD8+ 
T cells and MPECs. The frequencies of Tregs in CD4+ T cells, NY-ESO-1-specific CD8+ T cells in CD8+ T cells and MPECs in 
NY-ESO-1-specific CD8+ T cells in spleens, DLNs and tumors 14 days after tumor inoculation. Data in (A, D–F) are means±SE. 
Data in (B, C) show pooled data from two independent experiments. Statistical analyses were performed by Dunnett’s test (A, 
D–F) and Log rank test (C). *P<0.05; **p<0.01; *** p<0.001. DLNs, draining lymph nodes; mAbs, monoclonal antibodies; MPECs, 
memory precursor effector cells; ns, not significant.
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ZSTK474. Another possibility is that PI3Kα and PI3Kβ 
could compensate for the inhibition of PI3Kδ in Tregs 
although PI3K signaling in Tregs is mainly dependent on 
PI3Kδ.16 In addition, the timing of PI3K inhibition in ICB 
therapy may also be a crucial factor because PI3K signaling 
is required at the early phase of CD8+ T cell activation 
compared with fully activated CD8+ T cells.15 Therefore, 
the appropriate timing and dosage of PI3K inhibitor in 
the combination with ICB needs to be determined to gain 
the optimal antitumor effects with selective inhibition of 
Tregs. In this study, we identified the optimal protocol 
for a PI3K inhibitor ZSTK474 in combination with anti-
PD-1 mAb with which a far stronger antitumor immune 
responses were induced with selective Treg suppression 
and activation of tumor antigen-specific CD8+ T cells. 
More importantly, the optimized PI3K signaling in CD8+ 
T cells led to the expansion of tumor antigen-specific 
memory CD8+ T cells. The broad memory T cell induc-
tion by this combination treatment provides a rationale 
for developing the combination cancer immunotherapy.

Anti-CTLA-4 mAb (ipilimumab) leads to depletion 
of Tregs expressing CTLA-4 and yields higher response 
rates in combination with anti-PD-1 mAb (nivolumab) in 
patients with some cancer types.25 In this combination 
therapy, nivolumab followed by ipilimumab appears to 
be more clinically beneficial compared with the opposite 
order.26 In this study, antitumor effects of three different 
protocols of the combination treatment with ZSTK474 
and anti-PD-1 mAb were explored: (1) ZSTK474 and anti-
PD-1 mAb were concurrently administered, (2) ZSTK474 
single treatment first followed by anti-PD-1 mAb plus 
ZSTK474 and (3) anti-PD-1 mAb alone first followed by 
ZSTK474 plus anti-PD-1 mAb. One combination protocol 
(#3) with anti-PD-1 mAb administrated first, followed 
by anti-PD-1 mAb plus ZSTKK474 induced effective and 
durable antitumor activity. Tregs were reduced in the 
optimal protocol, but not in other protocols. Adding anti-
PD-1 mAb to ZSTK474 impaired the reduction of Tregs 
in those protocols. Anti-PD-1 mAb reportedly activates 
TCR and CD28 signaling in Tregs, resulting in increasing 
Treg proliferation and suppressive function.37 Therefore, 
the timing of activation and inhibition of TCR/PI3K 
signaling by anti-PD-1 mAb and ZSTK474, respectively, 
in Tregs may be important to obtain the effective and 
durable antitumor activity by the combination.

The potential usefulness of a combination of Treg 
depletion with ICB was implied by various preclinical 
and clinical studies.33 38 We have previously shown that 
Treg depletion using anti-CD25 mAb and anti-CCR4 
mAb results in significant activation of effector CD4+ 
cells and CD8+ T cells in humans.39 40 Yet, as depleting 
all Tregs can trigger autoimmunity in animal models,41 
a current key issue is how tumor-infiltrating Tregs can be 
selectively controlled to evoke and augment antitumor 
immunity without affecting effector T cells or eliciting 
deleterious autoimmunity.39 Since tumor-infiltrating 
Tregs are activated via the stimulation of TCR and 

different costimulatory signals than peripheral Tregs,7 8 42 
a PI3K inhibitor like ZSTK474 that controls T cell activa-
tion signaling could selectively inhibit tumor-infiltrating 
Tregs, but not peripheral Tregs. This would be an optimal 
Treg controller in cancer immunotherapy.

A durable clinical effect is one of the most signifi-
cant characteristics of cancer immunotherapy. Memory 
CD8+ T cell generation is therefore an important goal of 
current efforts for successful cancer immunotherapies.43 
ZSTK474 decreased the expression of phosphorylated 
Akt and S6 not only in Tregs but also in CD8+ T cells, 
although CD8+ T cell proliferation was only marginally 
suppressed by ZSTK474 both in humans and in murine 
models. This resulted in decreased Tregs but increased 
CD8+ memory T cells, and was associated with prolonged 
survival of tumor-bearing mice in combination with anti-
PD-1 mAb. These opposing outcomes between Tregs and 
CD8+ T cells may be due to inactivation of PI3K signaling 
by ZSTK474 treatment leaving weak-to-intermediate 
strength signals that are sufficient to allow CD8+ T cell 
proliferation and differentiation, but not enough for 
Treg survival. In contrast, other Treg-depleting reagents 
such as anti-CD25 mAb generally impair both Tregs and 
CD8+ T cells, particularly activated ones, because most 
molecules including CD25 targeted by the current Treg 
depletion reagents are concomitantly expressed by acti-
vated effector T cells as well.7 40 Thus, addition of PI3K 
inhibitors may result in better clinical responses than 
other Treg-targeted reagents when combined with PD-1 
blockade.

It was thought that memory T cell development 
requires an intermediate-to-high overall signal strength 
whereas signals that are too weak or too strong, are not 
able to support survival or lead to memory T cell gener-
ation, and result in only a few memory T cells.19 29 44 45 
Memory T cell generation for CMS5a-intAg-specific CD8+ 
T cells with low-affinity TCRs, as well as NY-ESO-1-specific 
CD8+ T cells with high-affinity TCRs, was superior in 
mice treated with a combination of anti-PD-1 mAb and 
ZSTK474 compared with mice treated with anti-PD-1 
mAb alone. Accordingly, mice treated with a combina-
tion of anti-PD-1 mAb with ZSTK474 became resistant to 
rechallenge with CMS5a-NY-ESO-1 cells or CMS5a cells, 
but mice treated with anti-PD-1 mAb alone were resis-
tant only to CMS5a-NY-ESO-1 re-challenge. One reason 
for the limited activity of anti-PD-1 mAb alone may be 
that CMS5a-intAg-specific CD8+ T cells are relatively less 
sensitive to anti-PD-1 mAb than NY-ESO-1-specific CD8+ 
T cells, as PD-1 expression on the former is only weakly 
induced by CMS5a-intAg-derived TCR signals.22 While it 
is currently unclear why ZSTK474 enhanced memory T 
cell generation in both high-affinity and low-affinity CD8+ 
T cells, one plausible explanation is that control of PI3K 
signaling by ZSTK474 may provide a suitable strength of 
TCR, costimulatory and cytokine signals for memory T 
cell generation in both high-affinity and low-affinity CD8+ 
T cells. IL-2 and IL-12 signaling reportedly stimulate 
PI3K signaling and promote terminal differentiation into 
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effector T cells accompanied by the decay of memory T 
cells.29 ZSTK474 may optimize PI3K signaling activated 
by cytokines including IL-2 and IL-12 in addition to TCR 
signals in low-affinity CMS5a-intAg-specific CD8+ T cells. 
Another possibility is that high-affinity and low-affinity 
CD8+ T cells have a different threshold for memory T 
cell generation, and ZSTK474 fine-tunes signal strength 
preferable for memory T cell generation. Memory T cell 
generation is controlled by multiple signals including 
metabolic signals in addition to TCR, costimulatory 
receptors, cytokines and chemokines.46 The glycolysis is 
enhanced in activated T cells and the oxidative phosphor-
ylation is predominantly used in naive and memory T 
cells .47 PI3K signaling activated by TCR stimulation trig-
gers the recruitment of Glut1 from the cytoplasmic pool 
to cell surface. Increased Glut1 expression and glucose 
uptake by activated T cells is accompanied with increased 
glycolysis.48 Thus, ZSTK474 may provide enough energy 
for the activation of T cells, resulting in the enhanced 
differentiation into memory T cells via smooth shifting of 
energy metabolism from glycolytic to oxidative phosphor-
ylation pathways.

The combination of ZSTK474 and anti-PD-1 mAb was 
well tolerated in our murine models, there were no clin-
ical signs of toxicity, such as body weight loss or mortali-
ties from either of the single agents or the combination. 
In fact, ZSTK474 doses (100 mg/kg) that were sufficient 
to deplete Tregs and generate memory CD8+ T cells were 
much lower than those (400 mg/kg) aiming at directly 
killing cancer cells.49 We have recently reported that 
tyrosine kinase inhibitors such as imatinib also deplete 
Tregs through targeting TCR signaling.50 Importantly, as 
appropriate T cell activation was achieved in lower doses 
in both the PI3K inhibitor ZSTK474 and tyrosine kinase 
inhibitors than the maximum tolerated dose, the dosage 
used as anticancer reagents may not be optimal for 
‘cancer immunotherapy reagent’. It is necessary to select 
the optimal dose of reagents targeting cellular signaling 
including ZSTK474 as ‘cancer immunotherapy reagent’. 
One can then envision that the treatment protocol of 
reagents that can target both cancer cells and immune 
cells may be changed during treatment phases based on 
the purpose of each treatment phase: killing cancer cells 
versus activating the immune system.

In summary, we develop an optimized combination 
treatment protocol with a PI3K inhibitor ZSTK474 
and PD-1 blockade via selectively inhibiting Tregs and 
generating memory CD8+ T cells, resulting in durable 
antitumor immunity. This preclinical study provides a 
rationale for developing the cancer immunotherapies 
by combining PD-1 blockade with reagents targeting T 
cell activation signals including PI3K inhibitors. When 
reagents that target T cell activation signals are employed, 
optimizing the treatment protocol is essential for maxi-
mizing antitumor efficacy of the combination cancer 
immunotherapy.
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