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Emerging roles of class I PI3K inhibitors in modulating tumor
microenvironment and immunity

Pu Sun'? and Ling-hua Meng'~

Immune system-mediated tumor killing has revolutionized anti-tumor therapies, providing long-term and durable responses in
some patients. The phosphoinositide 3-kinase (PI3K) pathway controls multiple biological processes and is frequently dysregulated
in malignancies. Enormous efforts have been made to develop inhibitors against class | PI3K. Notably, with the increasing
understanding of PI3K; it has been widely accepted that PI3K inhibition not only restrains tumor progression, but also reshapes the
immunosuppressive tumor microenvironment. In this review, we focus on the pivotal roles of class | PI3Ks in adaptive and innate
immune cells, as well as other stromal components. We discuss the modulation by PI3K inhibitors of the tumor-supportive
microenvironment, including eliminating the regulatory immune cells, restoring cytotoxic cells or regulating angiogenesis. The
potential combinations of PI3K inhibitors with other therapies to enhance the anti-tumor immunity are also described.
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INTRODUCTION

Phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases capable of
phosphorylating the 3'-hydroxyl group of the inositol ring of
phosphatidylinositol. PI3Ks integrate signals from growth factors,
cytokines and other extracellular stimuli into intracellular signals
to regulate cell growth, proliferation, survival, motility and
metabolism [1, 2]. Based on substrate preference and sequence
homology, PI3Ks can be divided into three classes. Class | PI3Ks are
further grouped into class IA and IB PI3Ks according to their
distinct regulatory modes. Class |IA PI3Ks are heterodimers
consisting of a p110 catalytic subunit (p110a, p110B, or p11006)
and a p85 regulatory subunit (p85a, p55a, p50a, p85B or p85y).
Class IB PI3K is composed of a p110y catalytic subunit and a p101
or p87 regulatory subunit [3]. Class IA PI3Ks can be activated by
receptor tyrosine kinases (RTKs), G protein-coupled receptors
(GPCRs), RAS and other adapter proteins, while class IB PI3K is
activated exclusively by GPCRs [4]. In this review, PI3Ks refer
to class | PI3Ks unless noted otherwise. In response to activating
signals, PI3Ks are recruited to the plasma membrane. The catalytic
subunit p110 is released from inhibition by the regulatory subunit
p85 and phosphorylates PtdIns(4,5)P, to generate PtdIns(3,4,5)Ps,
which acts as a second messenger to recruit pleckstrin homology
(PH) domain-containing proteins, such as AKT and PDK1 (Fig. 1).
Phosphorylation of AKT by PDK1 or mTORC2 further regulates
multiple downstream signaling pathways. For instance, AKT
relieves the tuberous sclerosis protein 2 (TSC2)-mediated inhibi-
tion of mTORC1, which then phosphorylates ribosomal S6 kinase
(p70S6K) and elF4E-binding proteins (4EBPs) to regulate prolifera-
tion and metabolism [5] (Fig. 1). PtdIns(3,4,5)P5 induced by growth
factor stimulation is rapidly removed by the lipid phosphatase
PTEN to terminate PI3K signaling under physiological conditions.

The PI3K/AKT/mTOR pathway is one of the most frequently
dysregulated signaling pathways in human cancer due to
the hyperactivation of upstream RTKs, RAS mutations, the
amplification and mutation of PIK3CA, and functional loss of PTEN
or INPP4B [6]. PI3K has been validated as a promising target for
cancer therapy based on its significant roles in cell growth and
proliferation. A few PI3K inhibitors have been approved for the
treatment of cancer originating from different tissue types [7]. For
example, BYL719 (alpelisib), the first PI3Ka-selective inhibitor
approved by the U.S. Food and Drug Administration, is used in
combination with endocrine therapy for the treatment of
postmenopausal women and men with hormone receptor (HR)-
positive, human epidermal growth factor-2 (HER2)-negative,
PIK3CA-mutated advanced or metastatic breast cancer. The PI3KS
inhibitor CAL-101 (idelalisib) has been approved for the treatment
of chronic lymphocytic leukemia (CLL) and follicular lymphoma,
while the dual PI3Ky/6 inhibitor IPI-145 (duvelisib) was approved
in 2018 for the treatment of adult relapsed or refractory (RR) CLL
or small lymphocytic lymphoma (SLL) and RR follicular
lymphoma (FL).

As PI3Ks are ubiquitously expressed and involved in many
biological processes, they also play important roles in shaping the
tumor microenvironment. The tumor microenvironment contains
cancer-associated fibroblasts (CAFs); blood vessels; and immune
cells, including T and B lymphocytes, macrophages, neutrophils,
natural killer (NK) cells, dendritic cells (DCs) and myeloid-derived
suppressor cells (MDSCs) [8]. CD8" T effector cells and CD4" T
helper cells mediate the immune response to eliminate cancer
cells. Meanwhile, tumor-associated macrophages (TAMs), regula-
tory T cells (Tregs), MDSCs, and CAFs contribute to a milieu
favoring tumor growth and immune escape by the production of
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Fig. 1 The PI3BK/AKT/mTOR signaling pathway in cancer. Class |

PI3K isoforms are heterodimers consisting of p110 and p85 or p87/
p101 subunits. Class IA PI3Ks can be activated by RTKs, GPCRs, RAS
and other adapter proteins, while class IB PI3K is exclusively
activated by GPCRs. When PI3K is activated by upstream signals,
Ptdins(3,4,5)Ps (PIPs) is generated from Ptdins(4,5)P, (PIP,) and
activates downstream signaling pathways, such as the AKT/mTOR
pathway. The activated PI3K pathway ultimately contributes to cell
growth, proliferation, survival, motility and migration.

suppressive cytokines and depletion of nutrients. Immune escape
may also result from the loss of tumor antigens, expression of
checkpoint receptor ligands, and generation of physical barriers
[9]. Abnormal activation of the PI3K pathway is comprehensively
involved in these processes and promotes a suppressive
phenotype in immune cells (Fig. 2). PI3K activation could decrease
the infiltration of CD8" T cells, impair their cytotoxic function,
upregulate suppressive cytokines, and enhance immunosuppres-
sion mediated by protumoral immune cells. Hyperactivation of
PI3K signaling is also correlated with tumor angiogenesis and CAF-
promoted tumor progression.

In the last few years, a plethora of therapies aimed at
boosting host immunity to detect and kill tumor cells termed
immunotherapy have achieved remarkable progress. However, a
large proportion of patients display intrinsic resistance to
this therapy due to variable mechanisms. The emerging roles of
PI3K in shaping the tumor microenvironment provide new
insights into how kinase inhibitors can contribute to enhancing
antitumor immunity and their application in combination therapy
to improve the outcome of immunotherapy. In this review, we
have summarized the roles of PI3K in the immune system and the
modulation of PI3K inhibitors in the suppressive tumor micro-
environment. The combined use of PI3K inhibitors with other
antitumor therapies to boost host immunity and execute potential
synergy has also been discussed.

FUNCTIONS OF PI3KS IN THE TUMOR MICROENVIRONMENT
Functions of PI3Ks in B and T lymphocytes

B and T lymphocytes are the key components in adaptive immune
systems and provide powerful antigen-specific immunity. While
PI3Ka and PI3K( are ubiquitously expressed in most cells and
tissues, PI3Ky and PI3KS are expressed mainly in leukocytes and
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Fig. 2 Pleiotropic modulation of the tumor-immune interface by
PI3K inhibitors. Within the tumor microenvironment, accumulated
regulatory cells and suppressed cytotoxic T cells constitute a
microenvironment that favors tumor progression. PI3K inhibitors
have been shown to enhance the infiltration of immune cells,
restrain suppressive immune cells, and improve the function of
CD8" T cells. Notably, isoform-specific PI3K inhibitors display
selective modulation of the tumor-immune interaction. The black
lines indicate the regulatory effects of stromal components on
malignant cells or CD8" T cells, while the red lines indicate the
counteraction of tumor cells on immune cells. The impact of PI3K
inhibitors is indicated by the blue lines.

act as the dominant isoforms responsible for their function [10].
Receptors on the surface of lymphocytes, such as CD19 on B cells,
CD28 on T cells, cytokine receptors, Toll-like receptors (TLR), and
GPCRs, containing PI3K-binding motifs directly activate PI3K upon
receiving environmental cues. Alternatively, receptors indirectly
link to the PI3K pathway through mediators such as the tyrosine
kinase SYK, Bruton agammaglobulinemia tyrosine kinase (BTK) or
IL-2-inducible T cell kinase (ITK) [11]. The activation of PI3K leads to
multiple biological processes involved in the development,
activation, or migration of immune cells.

PI3K in B cell development and function. B cell development starts
inside bone marrow and occurs through several discrete stages.
Formation of the pre-B cell receptor (pre-BCR) and pre-BCR
signaling lead to the transition from the pro-B cell to pre-B cell
stage. BCR formation and signaling facilitate the formation of
immature B cells, which finally differentiate into three distinguish-
able subsets of mature B cells, including follicular B cells,
marginal-zone B cells, and B1 cells, and then migrate to the
spleen [12].

PI3Ks, especially the p85a and p1106 subunits, are involved in
the development of B cells at multiple stages, including the
transition from the pro-B cell to pre-B cell. Mice deficient in the
p85a subunit displayed partial blockade at the pro-B cell stage
with reduced proliferation [13, 14]. A similar phenotype was
found in p1106-mutated or p1106-deficient mice. Okkenhaug
et al. [15]. and Jou et al. [16]. found that the differentiation of B
cells was blocked at the bone marrow stage, and the cell number
decreased in p1108-mutated mice. PI3K is also involved in the
maturation of B cells. The absence of either p85a or p1106 in
mice led to a reduced number of mature B cells [13, 15].
Mutations in PIK3CD and PIK3R1 (the genes encoding p1106 and
p85a, respectively) cause immune system abnormalities, such as
activated PI3K& syndrome (APDS). Patients harboring mutant
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PI3K6 displayed lower numbers of total B cells and the perturbed
maturation of peripheral B cells [17, 18].

PI3Ks also act as important mediators of antigen receptor
signals in B cells. BCR-dependent Ca®" flux in response to anti-
IgM crosslinking in B cells was attenuated in p1108P°10A/D910A
mice [15]. Furthermore, p1106 deficiency in mice significantly
impaired the ability of B cells to respond to T cell-independent
(T) and T cell-dependent (TD) antigens [16]. Though B cells
displayed a normal immune response to TD antigens in mice
deficient in p85aq, they failed to respond to Tl type-2 antigens
[13, 14].

PI3Ks in T cell development and function. The development of
T cells takes place in the thymus, where double-negative (DN)
thymocyte precursors undergo a four-step differentiation process
(DN1-DN4) and B-selection. DN thymocytes further differentiate
into CD4"CD8" double-positive (DP) cells, which are subsequently
subjected to positive selection. Finally, CD4" or CD8" single-
positive (SP) cells undergo negative selection and maturation.
Mature T cells migrate out of the thymus and circulate in the
periphery [12]. Upon receiving the peptide antigen presented by
activated DCs, T cells secrete IL-2, undergo rapid proliferation and
differentiate into distinct subsets determined by the cytokines to
which T cells are exposed [11].

Multiple studies have suggested that PI3Ks play vital roles in the
development and maturation of thymocytes, including the
transition from DN3 to DN4, B-selection, and pre-TCR signaling.
Pre-TCR signaling was attenuated in both p85a-deficient and
p1106-knockout T cells [19, 20]. Mice with genetic deletion of
p1108/y exhibited profound blockade at the B-selection check-
point with impaired pre-TCR signaling [21]. In addition, deletion of
p1108/y resulted in a significantly reduced total number of DP
thymocytes and increased number of apoptotic cells, indicating
their crucial roles in the survival of thymocytes. The diminished
number of thymocytes further resulted in a paucity in the number
of mature T cells [22].

PI3Ks are well recognized to regulate the survival and function
of T cells, which integrate signaling from the TCR and CD28 or
other costimulatory receptors and cytokine receptors. For
example, PI3Ks are thought to be important in IL-2 receptor-
mediated cell cycle progression and cell survival [23]. Similar to
their roles in B cells, PI3Ks mediate antigen receptor signaling in
T cells. Ca®™ flux in response to anti-CD3 crosslinking in T cells was
attenuated in p1108P7194P910A mice [15]. A reduction in TCR-
induced Ca®" flux was also observed in mature CD4™ T cells from
p1108/y '~ mice [22]. In CD4™ T cells, PI3K signaling is essential
for antigen-driven clonal expansion and differentiation into the
Th1 or Th2 subset but is not required for the proliferation of
CD8™ T cells [24]. Moreover, PI3K and AKT are necessary to induce
and sustain the expression of cytotoxic T lymphocyte (CTL)
effector molecules, such as perforin, IFN-y and granzymes, and
other biomarkers that distinguish memory and effector T cells [25].
The PI3K pathway has also been implicated in the homing and
trafficking of T lymphocytes. Evidence has shown that p110y is
required for CTL chemotaxis and trafficking to the infection site of
CTLs [26] and effector CD4™ T cells [27].

CD4"CD25" Tregs represent a unique lineage of T cells that
potently suppress the function of effector T cells, thus limiting the
clinical outcomes of cancer treatment [28]. Studies have indicated
that activation of PI3KS is required for the immunosuppression of
Tregs [29]. Using p1108°°'°A mice, Khaled Ali et al. showed that
p1106 inactivation impaired the maintenance and functionality of
Tregs, unleashed CD8" cytotoxic T cells, and suppressed tumor
growth [30]. Likewise, genetic inactivation of p1108 in a murine
CLL model significantly undermined the expansion of Tregs, and
reconstitution with wild-type p1106 restored the occurrence
of leukemia [31]. Consequently, PI3K is critical for the function of
Tregs, which act as a barrier to cancer therapy.
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Functions of PI3Ks in innate immune cells

Macrophages, monocytes, DCs, granulocytes, mast cells and NK
cells are the major components in the innate immune response,
acting as the first line of the host defense against infection.
Chemokines produced by macrophages in the infected tissue,
together with the complement fragments C3a and C5a, increase
local vascular permeability and attract neutrophils. Neutrophils
and macrophages then phagocytize bacteria via multiple cell
surface receptors. Nearly all of these processes require the activity
of class | PI3Ks [32].

PI3Ks in neutrophils. Neutrophils are terminally differentiated
cells that can be attracted by cytokines and quickly migrate to the
site of inflammation, where they kill microorganisms through
phagocytosis, degranulation and respiratory burst [33]. It is
becoming clear that PI3Ks are essential for the chemotaxis and
function of neutrophils. Neutrophils from PI3Ky-knockout mice
showed impaired chemoattractant-induced migration in response
to IL-8, fMLP, C5a or MIP-1a [34-36]. PI3K also regulates neutrophil
phagocytosis. During phagocytosis, neutrophils produce reactive
oxygen species (ROS) to kill microbes, referred to as respiratory
burst [37]. Neutrophils in mice lacking p110y displayed defects in
respiratory burst in response to a GPCR agonist [36]. p110(3-
knockout neutrophils exhibited the reduced production of ROS
upon interaction with immobilized immune complexes (ICs),
though depletion of p110B did not affect their ability to ingest
and kill complement-opsonized bacteria [38]. Hence, PI3Ks,
principally p110y and p110B, play important roles in the proper
functioning of neutrophils.

PI3Ks in NK cells. NK cells play a pivotal role in the control of viral
infection. The lytic function of NK cells is mediated by formation of
the immunological synapse, a signaling platform that directs the
secretion of specialized lysosomes containing perforin and
granzymes [39]. Both p11086 and p110y are crucial in the
maturation and function of NK cells, including cytokine secretion
and cytotoxicity [40]. For instance, inactivation of PI3KS prevented
the degranulation of NK cells, impairing their function in immune
surveillance [41]. Inhibition of PI3K by pharmacological inhibitors
blocked the PAK1/MEK/ERK pathway and interfered with the
movement of perforin and granzyme B to target cells, indicating
the vital role of PI3Ks in the cytotoxicity of NK cells [42].
Furthermore, PI3K signaling, mainly mediated by p110y and
p1108, was shown to be required for the chemotaxis of NK cells to
the chemokines CCL2, CCL5, CXCL10, and SDF1a [43, 44].

PI3Ks in myeloid cells, monocytes and macrophages. Macrophages
are derived from monocytes and can be divided into proin-
flammatory M1 and anti-inflammatory M2 subtypes [45]. The PI3K/
AKT/mTOR pathway is well recognized to regulate the polariza-
tion, chemotaxis, and proliferation of macrophages. For instance,
PI3K/AKT/mTOR activation in macrophages led to increased
histone acetylation and the induction of a subset of genes
supporting the M2 phenotype [46]. Correspondingly, the defi-
ciency of SHIP and PTEN, which are negative regulators of the PI3K
pathway, enhanced differentiation towards M2 macrophages [47-
49]. The chemotactic response of macrophages also requires PI3K
activity. PI3Ky-null macrophages displayed reduced migration in
response to chemotactic stimuli and defective accumulation in a
septic peritonitis model [34]. Furthermore, PI3K is important for
the survival and proliferation of macrophages [50]. TAMs are M2-
like macrophages that facilitate tumor progression by eliminating
M1 macrophage-mediated immune responses and impairing the
activation of T cells [51]. In TAMs, p1106 and p110y are both
abundantly expressed. p110y promotes an immunosuppressive
phenotype characterized by secretion of the cytokines IL-10 and
TGF-B, which is correlated with reduced survival in cancer
patients [52].
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In addition, the PI3K pathway can act as a negative feedback
regulator in the inflammatory response of monocytes and
macrophages. Various lines of evidence have implicated PI3Ks in
TLR signaling and shown that PI3Ks regulate the cellular response
to pathogens by limiting the production of proinflammatory
cytokines (such as IL-12) and enhancing the secretion of anti-
inflammatory IL-10 [53-55]. The PI3K/AKT/mTOR pathway was
demonstrated to antagonize TLR signaling partially by promoting
STAT3 activity and suppressing the NF-kB-mediated transcrip-
tional program [9].

MDSCs, a heterogeneous population of immature myeloid cells
characterized by the expression of CD11b and GR1, are thought to
be the precursors of DCs, macrophages, and granulocytes [56].
The presence of MDSCs promotes tumor progression by strongly
suppressing the activity of T cells, NK cells, and DCs, in which
PI3K6 has been implicated [57]. PI3KS inactivation has been
reported to reduce the number of MDSCs and alleviate tumor
burden in vivo. Unlike wild-type MDSCs, MDSCs from PI3K&-
inactivated mice did not suppress the proliferation of T cells [30].
Thus, PI3K& may dominate the immune suppression of MDSCs and
may be a therapeutic target for cancer therapy.

Functions of PI3Ks in the extracellular matrix
Blood vessels and cellular components of the extracellular matrix
(ECM), such as CAFs, are significant constituents in the tumor
microenvironment. The growth and progression of solid tumors is
critically dependent on the formation of new blood vessels [58].
Notably, PI3K signaling is particularly important in tumor
angiogenesis [59]. PI3Ks, especially PI3Ka, are activated down-
stream of VEGFR in endothelial cells and promote tumor
neovascularization [60]. Moreover, angiogenic factors secreted
by cancer cells and TAMs are regulated by the PI3K pathway [58].
CAFs are one of the most abundant stromal cell types in tumor
tissue and contribute to various malignant phenotypes and tumor
progression [61]. The roles of PI3Ks in CAFs are less well
understood, but several studies have validated that the PI3K
pathway is involved in the protumoral function of CAFs, which is
mediated by the secretion of tumor-promoting chemokines and
enzymes. Activation of PI3K due to the loss of PTEN in stromal
fibroblasts accelerated the initiation, progression, and malignant
transformation of mammary epithelial tumors. These effects were
ascribed to the induction of genes involved in ECM remodeling
and the recruitment of macrophages, including Mmp9 and Cc/3
[62]. Matrix metalloproteinases (MMPs) function in multiple
biological processes at different stages of cancer development
and are primarily expressed by fibroblasts [63]. PI3Ky has been
shown to regulate TNF-mediated secretion of MMPs from
fibroblasts, which is crucial for the migration of tumor cells [64].
CAFs also mediate immunosuppression of the T cell response.
Zigian Li et al. revealed that CAFs were positively correlated with
PD-L1 expression in melanoma and colorectal carcinoma (CRC)
tumor. They found that CXCL5 derived from CAFs activated the
PI3K/AKT signaling pathway and promoted the expression of PD-
L1 in tumor cells [65]. These studies suggest that PI3Ks also
promote malignancy by inducing the secretion of protumoral
factors by CAFs.

MODULATION OF IMMUNE CELLS AND THE IMMUNE-TUMOR
INTERACTION BY PI3K INHIBITORS

Hyperactivation of the PI3K pathway in cancer and its vital
function in cell survival and proliferation have made it an ideal
target for treatment. Meanwhile, the hyperactivation of PI3K is
increasingly recognized as an important player in shaping the
immunosuppressive environment (Fig. 2). In addition to the roles
of PI3Ks in TAMs, MDSCs, and Tregs, the loss of PTEN and PI3K
activation in melanoma resulted in the decreased infiltration
of CD8'T cells and protected tumor cells from T cell-mediated
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killing [66]. Activation of PI3K also induced the expression of
immunosuppressive cytokines and PD-L1 [67]. The expression of
VEGF is tightly regulated by PI3K/mTOR, which not only promotes
tumor vascularization but also enhances the infiltration of
regulatory immune cells, including MDSCs and Tregs [68, 69].
The nonredundant roles of PI3Ks in immunosuppression suggest
that PI3K inhibitors may exert their activity by modulating both
sides of the tumor-immune interface.

Pan-PI3K inhibitors

Pan-PI3K inhibitors target all PI3K isoforms with similar potencies
without selectivity for certain isoforms. The development of pan-
PI3K inhibitors was in part driven by the common expression of
multiple PI3K isoforms with nonredundant functions in malig-
nancies and the unidentified structures of PI3K isoforms, which
are difficultly exploited to design isoform-specific inhibitors [70].
The fact that PI3K isoforms may functionally compensate for one
another and limit the efficacy of isoform-selective inhibitors in
some tumors highlights the advantage of pan-PI3K inhibition [71].
However, due to their broad inhibition profiles, the doses of pan-
PI3K inhibitors needed to fully block the four isoforms might not
be well tolerated. Thus, the therapeutic windows and efficacies of
pan-PI3K inhibitors are limited in some situations due to their on-
target and off-target toxicities [70].

Apart from their antiproliferative activity against cancer cells,
pan-PI3K inhibitors exert immunomodulatory effects by enhan-
cing the infiltration of immune cells, especially T cells. BKM120
restrained tumor growth and increased the infiltration of CD45™"
immune cells and CD3" T cells in human VMCUB1 bladder
xenografts harboring a PIK3CA mutation. BKM120 was found to
upregulate several cytokines and chemokines responsible for the
migration of immune cells [72]. BKM120 treatment also increased
the proportion of CD4" T cells in MMTV-PyMT mammary tumor
tissue [73].

Pan-PI3K inhibitors restrain the function of immunoregulatory
cells. In MMTV-PyMT mammary tumors, BKM120 significantly
reduced tumor-infiltrated macrophages, which was accompanied
by a shift in the differentiation of bone marrow progenitors
towards a proinflammatory phenotype [73]. SF1126, a prodrug
derivative of LY294002, was reported to restrain the growth and
metastasis of Lewis lung carcinoma (LLC) by blocking the
induction of HIF1a and HIF2a and its transcriptional target, VEGF,
in macrophages [74]. Wortmannin selectively inhibited the
proliferation of CD4"CD25" Tregs over conventional CD4"CD25~
T cells. The growth of immortalized TC-1 cells by expression
of the HPV16 E6 and E7 genes could be enhanced by Tregs,
but this effect could be abrogated by wortmannin treatment
in vivo [75].

Pan-PI3K inhibitors also directly modulate T cells to reinforce
their activity. LY294002 converted the program of CD33-specific
CAR-T cell differentiation from a shorter-lived effector state to a
less differentiated state without affecting their expansion and
improved their in vivo persistence and antitumor potency [76]. As
antigen-presenting cells such as DCs are critical for the activation
of T cells during the immune response, ZSTK474 could reduce the
production of IL-10 and TGF-# by DCs, enhance DC-based
immunotherapy and augment the antitumor T cell response in a
B16 melanoma model [77].

Isoform-selective PI3Ka and PI3Kp inhibitors
Despite the antineoplastic activity and positive impact of pan-PI3K
inhibitors on immune cells, blockade of all class | PI3Ks may not be
well tolerated. Isoform-selective PI3K inhibitors developed and
tested in clinical settings have achieved impressive results with
few toxic effects.

The high frequency of PIK3CA mutations and reliance on p110a
in solid tumors highlight the need to develop p110a-selective
inhibitors. In recent years, PI3Ka has been found to play important
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roles in immune modulation in addition to its pivotal role in the
proliferation of tumor cells [78]. PI3Ka inhibitors may modulate the
tumor microenvironment by interfering with angiogenesis. For
example, GDC-0326 blocked the growth of RIP1-Tag2 pancreatic
neuroendocrine tumors by repressing angiogenesis motivated by
endothelial cells [79]. Moreover, a PI3Ka inhibitor was reported to
modulate the polarization of TAMs and overcome TAM-mediated
resistance to radiation therapy. CYH33, a novel PI3Ka-selective
inhibitor with a distinctive structure, is currently in clinical trials for
advanced solid tumors (NCT03544905). CYH33 was found to
enhance the activity of radiation against esophageal squamous
cell carcinoma by abrogating the radiation-induced phosphoryla-
tion of AKT and infiltration of M2-like macrophages [80].

The intrinsic activation of PI3Ka in malignant cells might
influence the composition of the tumor microenvironment and
function of cytotoxic immune cells. For instance, PI3Ka/AKT
signaling in Kras®?°/Trp537#’"-driven KPC pancreatic tumors
limited the infiltration of T cells and their capability to recognize
and obliterate cancer cells. Further studies revealed that
suppressed expression of MHC-I and CD80 in tumor cells was
dependent on PI3Ka [81]. Tumor-associated neutrophils (TANs) are
a population of distinct neutrophils with protumoral functions
[82]. By analyzing the mRNA-seq data from uterine corpus
endometrial carcinoma (UCEC) patients, high PIK3CA expression
was found to be correlated with the neutrophil-related pathway.
Consistently, neutrophil-related genes and neutrophils were
significantly altered by PIK3CA expression in UCEC [83]. However,
little is known about the effect of PI3Ka inhibitors on the tumor
microenvironment, which deserves further investigation.

PI3KB regulates AKT activity in tumors with PTEN loss yet is
dispensable in TCR activation [84, 85]. Treatment with the PI3KB
inhibitor GSK2636771 reinforced T cell-mediated tumor killing in
PTEN-null human melanoma cells coincubated with T cells without
impairing the proliferation of antigen-specific T cells. In BP mice
bearing spontaneously developed PTEN-loss/BRAF-mutated mel-
anoma, the combination of GSK2636771 and anti-PD-1 antibody
or anti-CTLA-4 antibody dramatically improved the antitumor
efficacy and survival of mice compared to those following
monotherapy, associated with the enhanced infiltration of CD4* T
and CD8" T cells [66]. Nevertheless, further studies to dissect the
underlying mechanism of PI3KB inhibitors in the immune
environment are warranted.

Isoform-selective PI3KS and PI3Ky inhibitors

As PI3K& and PI3Ky are highly expressed in leukocytes, a number of
preclinical studies have suggested that the efficacy of PI3K6 and
PI3Ky inhibitors is not limited to hematologic malignancies but
that these inhibitors are also potent in suppressing solid tumor
growth. Due to their regulatory roles in immune cells, targeting
these isoforms is helpful to remodel the tumor microenvironment.

PI3Ky and PI3K& inhibitors have been reported to reestablish
the immune response against tumors by mitigating the immuno-
suppression of TAMs. The PI3Ky inhibitor IPI-549 delayed the
growth of multiple solid tumors by inhibiting the functions of
macrophages and stimulating the immune responses of CD8"
T cells [52, 86, 87]. Similarly, pharmacologic inhibition by the
PI3Ky/6 inhibitor TG100-115 or genetic deletion of PI3Ky led to a
transcriptional switch to immune stimulation in macrophages,
increased the infiltration of CD8" T cells and attenuated tumor
growth [88]. A recent study revealed that the PI3Ky/6 inhibitor IPI-
145 not only directly inhibited the proliferation of tumor cells but
also blocked the extended survival of CLL cells supported by M2
macrophages [89].

PI3KS inhibitors may convert immune suppression by Tregs
and activate effector T cells, as PI3K$ is the predominant isoform
that maintains the proliferation and function of Tregs. The
PI3KS inhibitor IC87114 was demonstrated to selectively inhibit
the proliferation of Tregs over CD4" T effector cells [90].
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Administration of the PI3K& inhibitor PI-3065 restrained KPC
pancreatic tumor growth and prolonged survival, associated with
the reduced abundance of Tregs and elevated levels of infiltrating
CD8" T cells [30]. The PI3KS inhibitor CAL-101 (idelalisib) was also
shown to preferentially inhibit the proliferation of Tregs and
attenuate their immunosuppressive effect on effector cells [91].

Meanwhile, PI3KS inhibitors may display an immune-activating
effect by directly regulating CD8™ T cells. CAL-101, but not a PI3Ka
or PI3Kp inhibitor, delayed terminal differentiation and maintained
the memory phenotype of CD8'T cells [92]. Similarly, Jacob S.
Bowers et al. revealed that antigen-specific CD8'T cells differ-
entiated to a memory phenotype upon CAL-101 treatment, which
was associated with prolonged survival in mice bearing syngeneic
melanoma or human M108 mesothelioma tumors [93].

Taken together, these studies demonstrate that the depen-
dence of regulatory immune cells on the PI3K pathway can
be exploited to release immune suppression and restore the
cytotoxic function of CD8" T cells by treatment with pan-PI3K
and isoform-selective PI3K inhibitors. Nevertheless, the detailed
mechanism has not been fully elucidated, and controversial
results regarding the effect of PI3K inhibitors on the immune
response have been obtained, which might reflect different
experimental contexts, including cellular heterogeneity, dynamic
interactions and crosstalk between different nodes of the PI3K
pathway, off-target effects on immune cells, and cellular plasticity
[94]. Therefore, the efficacy of PI3K inhibitors would be optimal
when balance among cancer cells, regulatory immune cells, and
effector immune cells in the microenvironment is achieved.

PI3K inhibitor-based drug combination to improve antitumor
immunity

While PI3K inhibitors have been proven to boost antitumor
immunity, their efficacy as monotherapy might be mild. The
combination of PI3K inhibitors with immunotherapy, chemother-
apy or molecularly targeted therapy has been shown to achieve
synergy by immunomodulation.

Cancer immunotherapies have emerged as promising innova-
tive treatments for many types of tumors and achieved
remarkable performance, especially in melanoma and hematolo-
gic tumors [95]. Among these immunotherapies, immune
checkpoint inhibitors targeting PD-1 or CTLA-4 have displayed
an encouraging clinical benefit. However, their highly variable
response and associated adverse effects severely impair ther-
apeutic outcome [96, 97]. Because the PI3K pathway is compre-
hensively involved in shaping the immunosuppressive tumor
microenvironment, the combination of PI3K inhibitors with
immune checkpoint inhibitors has been studied in both preclinical
and clinical settings (Table 1). The PI3Kp inhibitor GSK2636771 was
reported to sensitize PTEN-loss melanoma cells to T cell-mediated
cytotoxicity and enhance the efficacy of anti-PD-1 or anti-CTLA-4
antibodies in vivo [66]. A phase I/ll study to test the efficacy of
GSK2636771 in combination with pembrolizumab (anti-PD-1) in
patients with PD-1 refractory metastatic melanoma deficient in
PTEN is ongoing [98]. The pan PI3K inhibitor BKM120 was found to
improve the activity of anti-PD-1 against PIK3CA-mutated bladder
cancer by increasing the infiltration of immune cells in the tumor
tissue [72]. The PI3Ky/& inhibitor TG100-115 was also found to
significantly improve the efficacy of anti-PD-1 antibody in a
preclinical MEER HPV' head and neck squamous cell carcinoma
model [52].

Resistance to immune checkpoint blockade has been a
significant obstacle in tumor therapy. PI3K inhibitors may
overcome this issue by regulating immune cells. The PI3Ky/d
inhibitor IPI-145 was reported to partially abrogate the immuno-
suppression mediated by granulocytic MDSCs (gMDSCs) and
facilitate the infiltration and activation of CD8" T cells [99].
Similarly, the PI3Ky inhibitor IPI-549 sensitized tumors rich in
myeloid cells to anti-PD-1 or anti-CTLA-4 antibodies [87]. A phase
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Table 1. PI3K inhibitor-based drug combination to improve anti-tumor immunity.

Preclinical studies

Target Compound Combination Cancer type References

PI3K BKM120 Nivolumab (anti-PD-1) PIK3CA-mutated bladder cancer [72]
LY294002 Sorafenib (RAF inhibitor) PTEN-loss and BRAF-mutated melanoma [67]

PI3Ky/8 TG100-115 Ani-PD-1 MEER HPV" head and neck squamous cell carcinoma [52]

Gemcitabine Pancreatic ductal adenocarcinoma [88]

IPI-145 Anti-PD-L1 Head and neck cancer [99]

PI3Ka A66 Trastuzumab (anti-HER2/neu) HER2" breast cancer [103]

Clinical trials

Target Drug name Combination Indications NCT number

PI3KB GSK2636771 Pembrolizumab (anti-PD-1) PD-1 refractory metastatic melanoma deficient in PTEN (phase I/11) NCT03131908

PI3Ky IPI-549 Nivolumab (anti-PD-1) Advanced solid tumor (phase I/Ib) NCT02637531

I/lb study (NCT02637531) is in the process of evaluating the
activity of IPI-549 as monotherapy or in combination with
nivolumab in patients with advanced solid tumors. Notably,
analysis of blood samples from subjects treated with IPI-549 and
nivolumab showed immune activation and reduced immune
suppression, including the upregulation of IFN-y-responsive factors
and restoration of exhausted CD8" T cells [100]. Recruitment of
MDSCs rendered head and neck cancers more resistant to checkpoint
inhibitors, while IPI-145 facilitated CD8" T cell-dependent immune
responses to anti-PD-L1 and improved outcome, which may be
attributed to IPI-145-mediated inhibition of MDSCs and upregulation
of PD-1 and PD-L1 [99].

Chemotherapy and molecularly targeted therapy have been
used as first-line treatments for cancer for many years. In addition
to their activity against tumor cells, their effect on immune
modulation has been increasingly appreciated. Conventional
cytotoxic drugs increase tumor immunogenicity by elevating
MHC or antigen expression, making the recognition and elimina-
tion of tumor cells by immune cells easier [101]. Oncogenic
pathways such as RAS/RAF/MAPK signaling were shown to
impair antitumor immune responses [102]. Accordingly, inhibitors
targeting these pathways could improve the immune landscape in
tumor tissue. Studies have suggested that simultaneous treatment
with chemotherapy or oncogenic inhibitors and PI3K inhibitors
could achieve a stronger immune response in several preclinical
studies (Table 1). For example, the PI3Ky/d inhibitor TG100-115
altered the suppressive transcriptional program in macrophages
and enhanced the response of pancreatic ductal adenocarcinoma
to gemcitabine [88]. The pan-PI3K inhibitor LY294002 and RAF
inhibitor sorafenib triggered a stronger immune response against
PTEN-loss and BRAF-mutated melanoma [67]. The anti-HER2/neu
antibody trastuzumab and PI3Ka inhibitor A66 displayed potent
activity against HER2" breast cancer by recruiting and activating
CD8™ T cells, which might be a solution to overcome resistance to
trastuzumab [103].

SUMMARY AND PERSPECTIVE

Class | PI3Ks have pleiotropic roles in immune cells and stromal
components of the peritumoral environment, providing a
rationale for the utilization of PI3K inhibitors to boost antitumor
host immunity. The mechanisms that contribute to the proin-
flammatory effect of PI3K inhibitors include the following: the
enhanced infiltration of immune cells into tumor tissue, particu-
larly T cells; abrogated tumor progression mediated by regulatory
immune cells, such as Tregs, MDSCs and TAMs, and
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the augmented antitumor responses of T cells; modification of
the transcriptional program of CD8" T cells, converting them from
a shorter-lived effector phenotype to a memory phenotype with
more persistence; interference with tumor angiogenesis; and
promotion of the normalization of blood vessels to improve the
delivery of chemotherapy and immunotherapy. Hence, PI3K
inhibitors not only target the proliferation and metastasis of
tumor cells but also enhance immune surveillance. In light of these
new findings, several preclinical studies have revealed that PI3K
inhibitors synergize with other therapies, including immune
checkpoint inhibitors, to restore antitumor immunity. A few
combinatorial regimens have been extended to clinical trials, and
preliminary synergetic effects have been observed.

Despite these promising results, a number of challenges need
to be addressed. First, the functions of different class | PI3K
isoforms in immune cells remain elusive. Further clarification of
the roles of these four PI3K isoforms in the development,
differentiation, expansion, and function of immune cells in the
tumor microenvironment will lay the foundation to illustrate the
exact roles of PI3Ks in regulating the tumor-immune interaction.
Second, the mechanisms of action of various types of PI3K
inhibitors in tumor cells, as well as adjacent cells need to be fully
dissected. Given the complexity and heterogeneity of the tumor
microenvironment, newly developed technologies such as single-
cell RNA-seq (scRNA-seq) will help to provide a more comprehen-
sive understanding of the context in which PI3K inhibitors
affect tumor cells and the microenvironment. The immunomodu-
latory effects of PI3K inhibitors may be further developed as
biomarkers to indicate the efficacy of PI3K inhibitors. Third, a
multitude of issues, such as the optimal dose and schedule to
achieve the maximal effect in combination therapy based on PI3K
inhibitors, must be cogitated. Although efforts have been
dedicated to mostly PI3Ky and PI3KS inhibitors, it should be
noted that other isoform-selective inhibitors display the potential
to be used as an immune modulator. Moving forward, the efficacy
of these PI3K inhibitors in monotherapy and combination therapy
needs to be further studied in clinical trials.
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