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Abstract

Constitutive activation of the PI3K pathway has been implicated in glioblastoma (GBM) 

pathogenesis. Pharmacologic inhibition can both inhibit tumor survival and downregulate 

expression of programmed death ligand-1, a protein highly expressed on glioma cells that strongly 

contributes to cancer immunosuppression. In that manner, PI3K pathway inhibitors can help 

optimize GBM vaccine immunotherapy. In this review, we describe and assess the potential 

integration of various classes of PI3K pathway inhibitors into GBM immunotherapy. While early-

generation inhibitors have a wide range of immunosuppressive effects that could negate their 

antitumor potency, further work should better characterize how contemporary inhibitors affect the 

immune response. This will help determine if these inhibitors are truly a therapeutic avenue with a 

strong future in GBM immunotherapy.
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Augmenting vaccine immunotherapy with PI3K pathway inhibition

Standard of care for glioblastoma (GBM) has not notably progressed since the seminal 

Stupp protocol was established in 2005 [1]. In the hopes of achieving a more durable 

antitumor response, much work has been invested towards elucidating the potential of 

immunotherapy, particularly vaccines, as adjunctive treatments. Vaccine immunotherapy 

revolves around the induction of a robust tumor and patient-specific immune response. 

Functional T lymphocytes are therefore paramount to therapeutic success. In GBM, 

investigated modalities for vaccine delivery have included dendritic cells (DCs), tumor 

antigen peptides, heat shock proteins, autologous tumor cells and in situ genetic transfer 
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with viral vectors. Promising outcome data from clinical trials have shown minimal side 

effects, thus underscoring their promise for inclusion into GBM therapy [2–4].

However, vaccines offer only temporary respite from GBM virulence, largely due to tumor-

induced suppression of T cell-mediated immunity. By way of MHC downregulation, 

expansion of Tregs and other modulations of the immune response, GBM tumors perpetuate 

an ‘immune escape’ phenotype that derails efforts to prolong overall (OS) and progression-

free survival (PFS) [5]. Within the wide repertoire of mechanisms for immune evasion, 

programmed death ligand-1 (PD-L1), a cell surface protein that can be highly expressed on 

gliomas, has been increasingly validated as a key player in immunosuppression [6]. 

Regulated by the PI3K pathway [7], PD-L1 binds to programmed death-1 (PD-1) receptors 

on T lymphocytes and induces T-cell apoptosis [6]. Correspondingly, monocytes and 

macrophages exposed to PD-L1+ gliomas also upregulate PD-L1 on their cell surfaces and 

induce T-cell apoptosis [8].

Targeted inhibition of PD-L1 should enhance GBM vaccine immunotherapy by reversing an 

important aspect of tumor and monocyte-mediated immune evasion. Inhibitors of the PI3K 

pathway offer the means to achieve this as they can downregulate PD-L1 to preserve the 

immune response in glioma [7,9]. Initially, these pharmaceuticals rose to prominence for 

their potency against tumors bearing PI3K mutations [10]. In that manner, PI3K pathway 

inhibitors form an enticing therapeutic proposition because they can contest tumor growth 

on two fronts; concurrently inhibiting tumor survival while mitigating mechanisms for 

immunosuppression.

Given the complex pathobiology of immunosuppression in GBM, it is highly unlikely that 

PI3K pathway inhibitors will provide a magic bullet solution. Nevertheless, few studies in 

GBM, if any, have evaluated the prospect of combining PI3K pathway inhibitors with 

vaccine immunotherapy. Therefore, the primary objective of this review is to bridge this gap 

in our understanding. The first part of this review will analyze how PI3K pathway inhibitors 

may potentiate or mollify various immune effector arms that are critical to vaccine therapy. 

This will be followed by a discussion on optimizing strategies for integrating these agents 

into the treatment algorithm for GBM.

The PI3K/AKT/mTOR pathway in GBM

The PI3K/AKT/mTOR pathway is a well-described signaling cascade of intracellular 

phosphorylation reactions that regulates cell-cycle progression, proliferation and survival 

[11]. Pathway initiation commences with ligand–receptor interactions that promote 

phosphorylation of receptor tyrosine kinases or G-protein-coupled receptors. Receptor 

phosphorylation activates the PI3K proteins, which catalyze the conversion of 

phosphatidylinositol-4,5-bisphosphate to phosphatidylinositol-3,4,5-trisphosphate. PTEN, a 

tumor suppressor, serves as a regulatory checkpoint [11]. Subsequently, 

phosphatidylinositol-3,4,5-trisphosphate recruits phosphoinositide-dependent protein 

kinase-1 and AKT to the plasma membrane, the former of which phosphorylates the latter. 

AKT exercises control over the cell cycle by neutralizing mechanisms for apoptosis while 
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stimulating proliferation. AKT further regulates mTOR, a downstream protein that 

additionally regulates cell growth (Figure 1) [12].

PI3K pathway dysregulation, as caused by mutations in proteins such as PTEN, drastically 

alters cellular mechanics for replication, thereby facilitating uncontrolled cell growth and 

proliferation. Head and neck, skin, breast, ovaries, colon and the brain are but a few organ 

systems that can trace their malignant ontogeny to PI3K mutations [10]. In light of this fact, 

approximately 30 PI3K pathway inhibitors are under active investigation in clinical cancer 

trials as of 2012 [10]. Most of these extant inhibitors target at least one out of three 

constituent proteins of the PI3K pathway: PI3K, AKT or mTOR (Figure 1) [10].

In GBM, the ramifications of aberrant PI3K signaling are far-reaching, as this not only 

initiates oncogenesis, but also upregulates PD-L1 expression. Increased PD-L1 expression 

has been characterized in gliomas and their respective monocytes, brain tumor stem-like 

cells and tumor-infiltrating lymphocytes (TILs) [7,8,13,14], and the degree of PD-L1 

expression correlates with tumor malignancy [13]. Consequently, when expressed on 

gliomas, PD-L1 induces cytotoxicity in lymphocytes and inhibits the secretion of 

proinflammatory cytokines such as IFN-γ [7,15]. In turn, PD-L1+ gliomas secrete soluble 

factors that induce monocytes to release IL-10 in autocrine fashion, which in turn stimulates 

monocytic expression of PD-L1 (Figure 2) [8].

Clinical trials for five PI3K pathway inhibitors – BKM120 (pan-PI3K), XL765 (dual PI3K/ 

mTOR), GDC-0084 (dual PI3K/mTOR), temsirolimus (mTOR), and everolimus (mTOR) – 

are currently ongoing for GBM, and results have only been published for temsirolimus and 

everolimus [10]. Treatment outcomes have been largely equivocal (Tables 1 & 2) [16–24]. 

In two Phase II studies in which recurrent GBM patients were treated with temsirolimus, 

rates of 6-month PFS were just 2.4 and 7.8%, respectively [16,17]. In a pilot study for 

everolimus combined with gefitinib, an inhibitor of the EGF receptor, 6-month PFS was 

approximately 5% [18]. Comparatively, these rates of 6-month PFS are worse than that of 

the antiangiogenic agent bevacizumab (Avastin®; Genetech Inc., CA, USA), which was 

approved in May 2009 for use in recurrent GBM [25]. One Phase II study by Hainsworth et 

al. did demonstrate a relatively high rate of 6-month PFS (73%) with everolimus, but this 

was probably due to the fact that all the patients in their cohort had additionally been treated 

with bevacizumab [20].

While these results may appear to discourage the application of PI3K pathway inhibitors in 

GBM, such conclusions cannot readily be drawn based on temsirolimus and everolimus 

alone for several reasons. From a broad perspective, treatment with PI3K pathway inhibitors 

poses many challenges including difficul-ties in optimizing clinical trial design, in 

determining appropriate therapeutic indices and in achieving sufficient drug delivery 

through the blood–brain barrier into the tumor microenvironment [26]. Perhaps more 

importantly, temsirolimus and everolimus are mTOR (not PI3K or AKT) inhibitors, and 

resistance to mTOR inhibition has been partially attributed to increased PI3K activation 

secondary to loss of negative feedback loops [27,28]. Furthermore, the PI3K pathway 

regulates many intracellular processes exclusive of mTOR activation such as the expression 

of hypoxia-inducible factor, forkhead box-o transcription factors, glycogen synthase kinase 
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3 and many others, some of which may become protumorigenic with dysregulation [27–32]. 

In reflection of these factors, combination PI3K and mTOR inhibition has sometimes been 

proposed as a more efficacious therapeutic strategy [27,33].

However, an additional potential explanation for the failure to achieve desired end points 

with temsirolimus and everolimus may be the inhibitory effects of PI3K pathway inhibitors 

on multiple facets of normal T-cell function. Naturally, this would erect considerable 

barriers towards the use of these pharmaceuticals with vaccine immunotherapy. For 

reference in the following sections, wortmannin and LY294002 are the earliest and most 

extensively investigated iterations of PI3K-specific inhibitors [11]. AKT inhibitors either 

compete for the catalytic ATP binding site of AKT or block phosphorylation of AKT in 

allosteric fashion [12]. Rapamycin, an antibiotic isolated from Streptomyces hygroscopicus, 

is the prototypical mTOR inhibitor that gave rise to analogs such as RAD001 (everolimus), 

CCI-779 (temsirolimus), and AP23574 (deforolimus) [34].

PI3K pathway inhibitors & interleukins

Interleukins are a broad family of lymphokines that plays an important role in the 

differentiation of naive CD4+ and CD8+ T cells. When antigen-presenting cells (APCs) bind 

and stimulate naive T cells with the appropriate MHC, the resulting interactive release of 

specific interleukins and other lymphokines determine the ultimate fate of the cell. CD4+ T 

cells can undergo lineage differentiation into a Th1 or Th2 phenotype. The former is critical 

for fighting against intracellular pathogens; the latter specifically targets extracellular 

pathogens. By contrast, naive CD8+ T cells differentiate into mature cytotoxic T 

lymphocytes (CTLs) that trigger tumor cell death. The Th1 and Th2 phenotypes each carry 

different implications for GBM immunotherapy. Th1 favors CD8+ T cell-mediated targeting 

and cytotoxic destruction of tumor cells. On the other hand, Th2 orchestrates humoral 

immunity [35]. Importantly, GBM tumors tend to skew patient cell-mediated immunity to a 

Th2 phenotype, thereby exhausting the immunological reserve of functional CD8+ cells 

[36].

IL-2

Both Th1 and Th2 differentiation rely on IL-2, which upregulates lymphocyte expression of 

receptors for IL-12 and IL-4, respectively. In addition, IL-2 stimulates the differentiation, 

proliferation, activation-induced cell death and cytolytic activity of CTLs [35]. Cellular 

processes mediated by IL-2, however, are inhibited in GBM. Early studies revealed that the 

T lymphocytes of GBM patients are unable to produce sufficient quantities of IL-2 or one of 

its receptor subunits (IL-2Rα) compared with healthy controls [37]. Furthermore, PD-L1 

expression on gliomas is a known inhibitor of IL-2 production, thereby imposing an 

additional layer of immunosuppression apart from induction of T-cell apoptosis [38].

In the context of vaccine therapy, preservation of the IL-2 response leads to improved 

antitumor outcomes. Jie and colleagues recently published data from a clinical trial 

demonstrating that treatment with autologous DC vaccine increases the circulating pool of T 

lymphocytes and the release of cytokines (IL-2, IL-12 and IFN-γ), thus suggesting that 

vaccines can cultivate an immune profile favorable to combating tumor growth [39]. 
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Notably, patients receiving vaccine also had improved tumor control rates, higher quality of 

life and prolonged survival [39]. More direct efforts to treat with IL-2 supplementation have 

further highlighted the importance of IL-2 in mounting an immune response against glioma 

[40].

PI3K pathway inhibitors impair either IL-2 production or cellular responsiveness to IL-2. 

Wortmannin and LY294002 both elicit dose-dependent reductions in IL-2 by inhibiting 

signaling cascades responsible for IL-2 production in addition to conferring resistance to 

IL-2 stimulation [41–43]. Treatment of T cells with rapamycin has been shown to cause 

post-transcriptional inhibition of cyclin production in response to IL-2, thereby resulting in 

cell-cycle arrest [43]. With PI3K pathway inhibitors of all classes, impairment of IL-2-

mediated reactions ultimately leads to inhibition of T-cell proliferation as well as promotion 

of T-cell apoptosis [9].

IL-12

Stimulated APCs such as monocytes, macrophages and DCs endogenously produce IL-12 to 

drive maturation of naive CD4+ cells into Th1 cells. Among its many roles, IL-12 also 

activates immune cell subsets including NK cells, lymphokine-activated killer cells and 

CTLs [44]. In contrast to IL-2, IL-12 is a proinflammatory cytokine that is upregulated by 

PI3K pathway inhibition. In PI3K-knockout mice, stimulated splenic DCs produce 

dramatically higher concentrations of IL-12. Interestingly, when these mice were challenged 

immunologically with a parasitic infection (Leishmaniasis major), knock-out mice exhibited 

a cytokine skew towards a Th1 phenotype, with functionally enhanced resistance against 

parasitic infection [45]. In a similar vein, inhibitor treatment with wortmannin, LY294002, 

AKT II and rapamycin have all been shown to amplify IL-12 production [45–47].

In glial neoplasms, levels of circulating IL-12 are significantly lower compared with 

matched controls [48]. Furthermore, IL-12 administration has shown potent antitumor 

effects, which raises the possibility of utilizing PI3K pathway inhibitors to boost this 

response. Preclinical studies combining IL-12 with DC vaccines initially highlighted their 

therapeutic promise, with treated mice surviving longer than their control counterparts and 

having significantly higher CTL activity [49]. In a subsequent clinical trial conducted by 

Kikuchi et al., 22 patients received DC vaccines with IL-12. Five patients had some clinical 

response to the tumor, two had stable disease post-treatment and specimens stained highly 

positive for CD8+ T cells [50]. Furthermore, patients receiving DC vaccine therapy alone 

demonstrate elevations in serum IL-12, with translational benefits of improved tumor 

control and survival [39]. However, the cytolytic activity of autologous peripheral blood 

lymphocytes against glioma cells varied greatly between patients, and some patients had 

worse CTL function after vaccination [50]. In addition, Akasaki et al. showed that in mice 

with CD8+ T-cell depletion, the antitumor effects of DC vaccines plus IL-12 were 

insignificant, implying that the CD8+ population is critical for DC vaccines and IL-12 to 

function properly [49].
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IL-4, IL-10 & IL-13

IL-4 is a lymphokine primarily involved in driving Th2 differentiation, and these Th2 cells 

subsequently generate IL-4 and IL-13 via positive feedback [35]. Bias towards Th2 is often 

evident in GBM patients, as secretion of cytokines such as IL-4 and IL-10 by peripheral 

blood mononuclear cells (PBMCs) are significantly higher compared with controls. By 

contrast, Th1 cytokine secretion is reduced [48,51]. Furthermore, IL-4 production levels are 

even higher in TILs compared with autologous PBMCs or TILs from patients with other 

brain tumors [52]. However, while IL-4 production certainly diverts resources away from 

Th1-mediated cytotoxicity against tumor cells, the functional significance is not entirely 

clear, as evidence suggests that IL-4 secretion is not intrinsically detrimental. Studies have 

shown that certain polymorphisms of the IL-4 receptor (rs1805016) may actually have a 

protective effect and lead to better long-term survival in glioma [53]. One possible reason 

for this may be that such patients have tumors that are resistant to cellular processes 

mediated by IL-4.

While IL-4 supplementation has been administered in conjunction with GBM vaccine 

immuno-therapy, the long-term benefits of this approach are ambiguous. Okada et al. 

conducted a clinical trial in which glioma patients were divided into two separate cohorts 

[54]. In the first cohort, patients received either surgery alone or surgery followed by 

vaccination with autologous fibroblasts that were virally transfected to express IL-4. 

Although vaccinated patients demonstrated a positive response in IFN-γ levels, only two 

patients received this therapy. In the second cohort, patients received either surgery with 

radiation alone versus with adjuvant DC vaccines loaded with tumor lysates and IL-4-

transfected fibroblasts. Patients failed to elicit a positive IFN-γ response and treatment failed 

to prolong PFS [54].

Much like IL-4, IL-13 can be overexpressed in GBM. More specifically, both tumor cells 

and glioma stem-like cancer-initiating cells upregulate expression of the IL-13 receptor α2 

(IL13Rα2), which is not typically found in normal brain tissue. Brown et al. genetically 

modified a T-cell line to express IL13-zetakine, a receptor that binds to IL13Rα2 and 

initiates cytolytic destruction [55]. Importantly, IL-13-zetakine+ T cells predisposed glioma 

stem-like cancer-initiating cells to CTL-mediated tumor cell death in vitro and arrested their 

ability to initiate tumor growth in vivo [55].

In porcine endothelial cells, both IL-4 and IL-13 were found to regulate AKT, and cytokine 

activation protected these cells from complement-induced cell death. This protective effect 

was abrogated upon treatment with LY294002 or when cells were engineered to have 

functional knockouts of the AKT protein [56]. In colorectal cancer cell lines, LY294002 

inhibited the migratory capacity of cells and their survival despite IL-13-mediated 

stimulation of IL13Rα2 [57]. Although these results were derived from nonimmune cells, 

analogous studies performed on immune cells have corroborated PI3K regulation of IL-4, 

IL-10 and IL-13. For example, CAL-101, an isoform-specific PI3K inhibitor, inhibited the 

ability of normal NK and T cells to secrete IL-4. Interestingly, cell survival was unaffected 

[58]. LY294002 acts as a downstream antagonist of IL-4 activation in murine microglial 

cells [59] and reduces IL-4-promoting activation in Th2 murine cells [60]. When LY294002 
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was administered in a murine model for asthma, treatment reduced immunologic production 

of IL-13 on broncheoalveolar lavage [61]. Similarly, when DCs are incubated with PI3K 

pathway inhibitors, IL-10 secretion is considerably lower [62].

Summary: interleukins

While IL-2 mediates both Th1 and Th2 differentiation, IL-12 and IL-4/IL-10/IL-13 

primarily assist with Th1 and Th2 differentiation, respectively. The influence of PI3K 

pathway inhibitors on each of the discussed inter-leukins is summarized in Table 3. On the 

one hand, their inhibition of IL-4-, IL-10- and IL-13-mediated Th2 reactions strongly 

advocate for their use. Given the natural tendency of GBM to adopt a Th2 phenotype [36], 

PI3K pathway inhibitors may be capable of shifting the homeostatic balance in favor of 

cytolytic tumor cell destruction. On the other hand, IL-2 inhibition merits equal 

consideration, as PI3K pathway inhibitors may aggravate baseline tumor-mediated 

inhibition of IL-2 in addition to depleting the reserve of healthy CD8+ T cells required for 

vaccine therapy, ultimately contributing to worse clinical outcomes.

An interesting point could be made, however, regarding IL-12 secretion. Despite IL-2's 

regulatory capacity over IL-12, PI3K pathway inhibitors actually favor IL-12 release. In 

theory, PI3K pathway inhibitors should therefore boost patient immunity by enhancing APC 

and CTL function, which could lead to synergistic effects with DC vaccines. However, it 

remains unclear whether inhibitor-induced cytotoxicity secondary to IL-2 inhibition 

supersedes the benefits incurred from IL-12 hyper-secretion. Furthermore, the primary work 

demonstrating enhanced IL-12 secretion was conducted using murine models of melanoma, 

colon and lung cancer [62]. Similar studies have yet to be conducted using murine gliomas 

and it may be that GBMs may present with different results. Functional assays of T-cell 

survival, proliferation and apoptosis using in vivo glioma models treated with DCs and/or 

IL-12 with a panel of different PI3K pathway inhibitors must be performed to: validate 

potency in GBM; and select the optimum PI3K pathway inhibitor with marginal effects on 

IL-2. Such PI3K pathway inhibitors would represent the best chances for becoming 

incorporated as adjuncts to GBM immunotherapy.

PI3K pathway inhibitors & interferons

Interferons are immunologic proteins that can be subdivided into three classes: type I (IFN-α 

and IFN-β); type II (IFN-γ); and type III (IFN-γ). Overall, interferons adopt a 

proinflammatory role by opposing viral replication and tumor growth, and by mediating 

cellular chemotaxis. All cells, to some extent, secrete type I interferons in response to a 

foreign body. Type II interferons are predominantly generated and secreted by lymphocytes 

and immune cells [63].

Type I interferons

IFN-α is responsible for both Th1 and Th2 differentiation, and works by upregulating the 

transcript and protein expression of TGF- and IL-4 [64]. By suppressing IFN-γ production 

while upregulating that of IL-4 and IL-10, IFN-β generally favors Th2 differentiation [65]. 

Gliomas are known to bear mutational deletions of the IFN-α gene, and high-grade gliomas 
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trend towards less IFN-α gene expression [66,67]. This perhaps offers an explanation as to 

why attempts to administer IFN-α so far have failed to prompt improvements in outcomes 

[68]. By contrast, IFN-β treatment has been met with slightly greater success. In a study 

published by Motomura et al., 39 patients received adjuvant IFN-β following maximal safe 

resection with concurrent temozolomide [69]. Median OS of the IFN-β and standard 

treatment groups were 19.9 and 12.7 months, respectively. Importantly, OS was also 

prolonged among the patient cohort with unmethylated MGMT promoter genes, which 

normally confers resistance to temozolomide. Median OS for IFN-β with temozolomide was 

17.2 versus 12.5 months in the group receiving temozolomide alone [69].

PI3K pathway inhibitors inhibit the production of both type I interferons. Recent data from 

Guiducci et al. showed that PI3K inhibition in mouse DCs and macrophages decreases IFN-

α production in a dose-dependent fashion [70]. In turn, LY294002 reduces the activation of 

IFN-β reporter genes within murine macrophages, subsequently inhibiting its production 

[71]. Of interest, Li et al. reported a link between the PI3K pathway and IFN-β-mediated 

autophagy of established glioma cell lines [72]. Mechanistically, IFN-β decreased the 

phosphorylation activation of AKT and mTOR, leading the authors to conclude that: the 

normal PI3K pathway inhibits autophagy; and IFN-β increases autophagy via PI3K pathway 

inhibition [72].

Type II interferons

IFN-γ is a proinflammatory cytokine generated by NK cells in innate immunity and by T 

lymphocytes in adaptive immunity, and is responsible for conferring cytotoxic activity to 

these cells [63]. IFN-γ production is influenced by other lymphokines such as IL-12, and 

upregulates production of the IL-12 receptor as well [44,73]. Compared with age-matched 

controls, T cells in GBM patients are impaired in their ability to secrete IFN-γ, regardless of 

whether stimulatory factors are present [36,51,74]. This impairment is profound among 

patients with recurrent GBM as well [36]. Importantly for immunotherapy, PD-L1 further 

exacerbates lymphocytic expression of IFN-γ [38]. Paradoxically, however, treatment of 

GBM cells with IFN-γ leads to even higher expression levels of PD-L1 on the cell surface 

[15,75]. This perhaps offers a mechanistic explanation behind why patients treated with 

IFN-γ in clinical trials have failed to consistently demonstrate a clear benefit in survival 

[76].

Expression of IFN-γ is regulated in part by the PI3K pathway. In genetically engineered 

PI3K-knockout mice, NK cells cannot adequately generate cytokines or chemokines. 

However, their intrinsic cytotoxic functions against tumor cells are preserved [77]. 

Treatment with PI3K pathway inhibitors replicates these findings. Herman et al. treated 

leukemic cells with CAL-101, an isoform-specific PI3K inhibitor, and found that the drug 

induced apoptosis of cancer cells [58]. Survival of normal NK and T cells remained intact, 

although both populations were significantly inhibited in their ability to produce and secrete 

IFN-γ and other cytokines [58]. Similarly, treating human peripheral blood NK cells with 

LY294002 and treating human lung and colon cancer lines with P2281, an mTOR inhibitor, 

decreased IFN-γ production [78,79]. Human PBMCs also reduce IFN-γ secretion in 

response to wortmannin, LY294002 and rapamycin [9].
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Summary: interferons

In response to PI3K pathway inhibitors, immune cells thus decrease production of type I and 

type II interferons, which stymies the immune response against tumors (Table 4). PI3K-

mediated inhibition of glioma autophagy certainly raises an interesting point, as PI3K 

pathway inhibition should then enhance tumor cell death. However, given that these drugs 

also concurrently reduce IFN-β production, GBM patients may not have adequate levels of 

circulating IFN-β to induce sufficient autophagy. Nevertheless, prospective clinical trials 

designed to treat patients simultaneously with PI3K pathway inhibitors and incremental 

doses of IFN-β may reveal a tipping point beyond which IFN-β supplementation can 

override the lack of inherent production.

Encouraging results from vaccine studies have revealed that patients are able to dramatically 

increase their production of IFN-γ, and these patients clearly demonstrate prolonged median 

survival [80]. However, utilization of PI3K pathway inhibitors in conjunction with vaccines 

could represent a double-edged sword. By reducing the ability of immune cells to generate 

IFN-γ, PI3K pathway inhibitors repress their cytotoxic activity, which is critical to 

immunologic identification and targeting of tumor cells. Conversely, this inhibition could 

prove a blessing in disguise by precluding super-induction of PD-L1 expression.

PI3K pathway inhibitors & other immune effectors

Tregs

Tregs constitute a subset of anti-inflammatory CD4+ T cells that physiologically suppress 

the immune response. Most immune cells, including B/T lymphocytes, NK cells and APCs, 

are ubiquitously affected by Tregs, which systemically dampen the secretion of 

proinflammatory cytokines and lend towards promulgating the Th2 phenotype [81]. In GBM 

tumors, Tregs can be widespread in immune cell infiltrates and their prevalence increases in 

proportion to tumor malignancy [14,81]. As a result, Tregs represent one of the major 

obstacles to attaining long-term remission with GBM immuno-therapy. While Tregs 

themselves are not inherently detrimental, they pose problems when they gain selective 

survival advantage over other T cells, which allows them to induce immunosuppression 

without impunity.

Preclinical findings derived from in vivo antagonization of Tregs have highlighted the 

potential impact of assimilating this treatment strategy into GBM immunotherapy. Fecci et 

al. utilized a systemic anti-CD25 (PC61) antibody to block the function of Tregs in a murine 

model [82]. Other T-cell populations were left relatively untouched and, importantly, these 

cells retained their proliferative capacity and ability to secrete IFN-γ [82]. Using the same 

PC61 antibody, Curtin et al. additionally prolonged the survival of mice with GBM [83]. 

Others have alternatively targeted Treg development and maturation, which is contingent on 

cytokines such as IL-2 and TGF-β [35,84]. Recently, a small pilot study evaluated the 

benefits of infusing a monoclonal antibody against the IL-2Rα receptor (daclizumab) in 

GBM patients, and the authors concluded that daclizumab favors Treg depletion [85].

PI3K pathway inhibitors do not directly impact Treg proliferation. However, they increase 

the relative proportion of Tregs among circulating lymphocytes, specifically by inhibiting 
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survival of other T cells. When Sauer et al. treated murine T cells with LY294002, Akti-1/2 

or rapamycin, they observed a significant increase in Foxp3 expression, a specific marker 

for functional Tregs [86]. Interestingly, they also discovered that the PI3K pathway may 

play a more pivotal role in Treg proliferation than TGF-β does [86]. In another study, Qu et 

al. treated mice with rapamycin and revealed diminishment of CD4+/CD8+ T cells, with 

Treg preservation within the spleen and thymus [87]. When rapamycin-treated Tregs were 

transplanted into a diabetic murine model of pancreatic islet transplantation, the majority of 

mice did not undergo immune rejection postoperatively versus none of the control mice 

[88].

TGF-β

The overarching function of TGF-β is to inhibit both the innate and adaptive arms of the 

immune response. In innate immunity, TGF-β subdues the transcriptional capacity of NK 

cells to produce IFN-γ and subsequently instigate Th1 differentiation, impairs most basic 

functions of DCs while enhancing their stimula-tory effects on Tregs, converts 

macrophages/monocytes to the immunosuppressive M2 phenotype and nullifies neutrophilic 

cytotoxicity. In adaptive immunity, TGF-β impedes CTL survival and cytoxicity, trends 

CD4+ T-cell homeostasis towards Th2, and induces Treg formation [84]. Elevated levels of 

TGF-β – believed to derive from the glioma itself or by microglia – have been well 

described within the GBM literature, as has the extensive immunosuppression that ensues. 

Beyond its effects on the immune system, however, TGF-β directly promotes GBM tumor 

growth through multimodal mechanisms, running the gamut from stimulating angiogenesis 

to facilitating invasion. Pursuant to its eminent involvement in GBM pathogenicity, several 

clinical trials have attempted pharmacologic inhibition of TGF-β, to varying degrees of 

success [89].

Like most other cytokines, TGF-β expression is mediated by the PI3K pathway. Utilizing 

phosphorylation of Smad2 as a marker for TGF-β signaling, Sauer et al. found that pSmad2 

expression levels decrease when T cells are treated with LY294002 or rapamycin [86]. 

When Marshall and colleagues extracted pulsed DCs and incubated them with an assortment 

of PI3K pathway inhibitors, they showed that treated DCs were significantly impaired in 

their ability to secrete TGF-β and IL-10 [62]. By contrast, the T-cell response was robust for 

IFN-γ and IL-2 secretion, thereby creating an immune profile favorable for antitumor 

immunity. Improvements in functional end points were seen as well, with prolonged 

survival, reductions in tumor growth rates and resistance to tumor rechallenge observed in a 

murine model of melanoma [62].

Summary: other immune effectors

In brief, PI3K pathway inhibitors asymmetrically skew the immune microenvironment 

towards selective propagation of Tregs at the expense of other immune cell subsets (Table 

5). On the other hand, their inhibitory effect on TGF-β secretion may not only counteract 

Treg expansion, but also hinder other facets of GBM pathogenicity. While in theory, PI3K 

pathway inhibitors may thus enhance the antitumor response by inhibiting TGF-β-mediated 

survival of Tregs, this is unlikely to be the case, as an intact PI3K pathway is more 

important than TGF-β with respect to Treg regulation [86]. As a result, PI3K pathway 
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inhibitors could pose considerable risk to patient safety by imposing a ‘double hit’ through 

inhibition of normal T-cell function and bolstering Treg activity.

Future perspective

Concerns of pronounced immunosuppression with the use of PI3K pathway inhibitors 

significantly cautions against their use not only as specific adjuncts to immuno-therapy, but 

also as broad therapeutics for glioma. Their anti-inflammatory effects on the secretion of 

interleukins and interferons as well as their augmentation of Treg activity call into question 

the utility of continuing the scientific and clinical pursuit of PI3K pathway inhibitors. The 

future of GBM immunotherapy will be predicated on the development of innovative 

strategies for counteracting mechanisms of GBM-mediated immunosuppression, and the 

evidence in favor of utilizing PI3K pathway inhibitors has not been auspicious. Considering 

that the PI3K pathway closely regulates essential functions of immune cells [90], the 

observed anti-inflammatory effects are perhaps unsurprising. Ironically, these drugs may 

thus exacerbate the very problem they are expected to address, as PI3K pathway inhibitors 

collectively induce tumor cell toxicity but this toxicity extends to immune cells as well, and 

this poses a significant drawback to their use in immunotherapy. The ideal inhibitor must 

promote tumor cell apoptosis while preserving the immune response, and few inhibitors 

successfully strike this balance. Nevertheless, several mitigating factors and alternative 

approaches must be considered prior to ruling out any potential involvement that these drugs 

may have in the treatment of GBM.

Modern PI3K pathway inhibitors

Although evidence overwhelmingly substantiates the immunosuppressive capacity of PI3K 

pathway inhibitors, the literature is somewhat outdated. Several of the agents described, 

such as wortmannin and LY294002, are considered nonspecific with far-reaching effects 

extending beyond PI3K inhibition [10], which limits the conclusions that can be drawn from 

these drugs. The majority of the PI3K pathway inhibitors detailed throughout this review 

have been supplanted by more novel and selective agents, and only these contemporary 

drugs have established the credibility for investigation in clinical trials [10]. 

Characterization of their immunosuppressive effects, if any, remains largely unexplored. 

However, existing findings from the few studies addressing this issue indicate that the 

degree of immunosuppression may vary according to the inhibitor. The dual PI3K/mTOR 

inhibitor PI-103, for example, unexpectedly facilitated melanoma growth in vivo by 

depleting the viable thymocyte population by 70% [91]. By contrast, the dual mTORC1/

mTORC2 inhibitor AZD8055 preserved the CTL response in an in vivo model of metastatic 

renal carcinoma to the liver. Treated mice exhibited marked infiltration of CD8+ T cells, 

macrophages and DCs within the liver and additionally possessed the highest proportion of 

activated CD8+ T cells and NK cells, as evidenced by adequate secretion of Th1 cytokines 

such as IL-12 and IFN-γ [92]. In that regard, delineating the unique interactions between 

each PI3K pathway inhibitor and the immune system, specifically in preclinical models of 

glioma, will better equip us to identify and select those with minimal immunologic toxicity.
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Immuno-preservative inhibitors

Honokiol, a bioactive herbal compound isolated from Magnolia officinalis [93], induces 

tumor cell apoptosis [94], inhibits angiogenesis [95] and even downregulates tumor 

adhesion and invasion [96]. Although its precise biochemical activity remains elusive, a 

growing body of evidence suggests that it functions as a PI3K pathway inhibitor [9]. 

Honokiol manifests both pro- and anti-inflammatory properties, depending on the dose. At 

lower doses, honokiol exerts low cytotoxicity against murine macrophage and human 

promonocytic cells; at higher doses, greater cytotoxicity is detected. However, honokiol 

induces baseline immunosuppression regardless of dose, as it inhibits the proliferation of 

murine lymphocytes and CD8+ cells while reducing the production of proinflammatory 

cytokines such as TNF-α, PGE2 and NO [97].

Despite this, honokiol-induced immunosuppression may be tolerable. Although lymphocyte 

proliferation and survival are somewhat impaired, they do not appear to be exhausted to 

such a degree that an immune response cannot be mounted. We have previously shown that 

honokiol, compared with other PI3K pathway inhibitors including wortmannin, LY294002, 

AKT III and rapamycin, exerts the least inhibitory influence over T-cell proliferation and 

apoptosis [9]. At low doses (20 μmol/l), honokiol treatment of lymphocytes extracted from 

GBM patients did not induce significant cytotoxicity, although proliferation and survival 

were not as vigorous as that in the untreated control group. In contrast to TNF-α, PGE2 and 

NO, which are involved in innate immunity, treated cells also maintained production of 

cytokines such as IFN-γ and IL-17, which are involved in adaptive immunity [9].

Harnessing the proinflammatory properties of this drug can thus provide an option for 

augmenting vaccine therapy. However, it must be noted that the level of evidence for 

utilizing honokiol is preliminary and research must be further conducted to better delineate 

the specific mechanism of action of this drug, as its antitumor and immunopreservative 

effects may potentially be attributable to other intracellular pathways that the drug may 

target. The efficacy, therapeutic index, effect specificity and safety of this drug also remains 

to be determined. In vivo studies so far have shown that honokiol sufficiently crosses the 

blood–brain barrier in addition to inhibiting tumor angiogenesis. No significant toxicities – 

as quantified by changes in bodyweight, blood work, serum electrolytes, liver function 

panels, eating habits and tissue pathology – were noted [98]. Nevertheless, determining the 

optimal delivery, proper dosing and possible combinatorial effects with other therapeutics 

warrants further investigation [99–101].

Isoform selectivity

Exploiting isoform selectivity can offer another avenue through which we may bypass 

inhibitor-induced immunosuppression. As an illustrative example, the PI3K protein belongs 

to three broad classes that can be further subdivided based on isoforms. Class I PI3Ks, the 

only class known to activate AKT, consists of the catalytic p110 and regulatory p85 domains 

[11,12]. Class IA and IB PI3Ks are activated by receptor tyrosine kinases and G-protein-

coupled receptors, respectively [11,12]. Four p110 isoforms (class IA: α, β and δ, and class 

IB: γ) and several of p85 have been described [11]. Within lymphocytes, the p110δ or p110γ 

subunits predominate [90].
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Isoform distribution and activity is dependent on cell type. Although the p110α or p110β 

isoforms are widely expressed throughout, p110δ and p110γ are predominantly expressed 

within lymphocytes and have been extensively linked to the regulation of physiologic 

immune function. Much of the seminal work elucidating the importance of isoforms has 

been published since the turn of the century. Robust evidence derived from genetically 

engineered p110δ- or p110γ-null mice as well as isoform-selective inhibition have 

consistently shown significant impairment in inflammation and, important to 

immunotherapy, the development, activation, signaling, trafficking and differentiation of 

lymphocytes [90,102–105]. Specific to the nervous system, p110γ has additionally shown 

expression in microglia, which act as the resident macrophages within the CNS [106,107].

Consequently, selective p110α or p110β inhibition could minimize drug-induced 

suppression of immune cells, and this therapeutic approach has demonstrated some promise. 

Berenjeno et al. explored the overall benefits conferred by p110α and p110β inhibition in 

mice heterozygous for PTEN mutations [108]. A cohort of such mice underwent additional 

knockouts of p110α, while another was treated with p110β-specific inhibitors. The former 

group showed delayed development of thyroid cancer, while the latter showed delayed 

development of prostate cancer. Neither, however, showed delayed onset of immune-based 

tumors such as lymphoma [108]. Their findings importantly conclude that isoform-specific 

inhibition can attenuate tumor formation in the context of PTEN (i.e., PI3K pathway) 

mutations. Furthermore, So et al. selectively inhibited p110α, p110β and p110δ by using the 

inhibitors MLN1117, TGX-221 and IC87114, respectively. Among them, p110δ inhibition 

significantly reduced lymphocytic proliferation and survival, while selective p110α 

inhibition at doses known to induce an antitumor response preserved lymphocytic function 

in vivo [109].

Conversely, Maxwell et al. utilized a mouse model for systemic lupus erythematous and 

induced partial knockdown of p110δ function in a cohort of mice [110]. In comparison to 

their wild-type counterparts, haploinsufficient mice demonstrated reduced production of 

autoimmune antibody titers, decreased activation of T cells and attenuation of inflammation, 

thereby providing further evidence for the importance of preserving p110δ for immune 

function [110].

Interestingly, however, Schmid et al. have also presented evidence to the contrary by 

demonstrating that inhibition of p110γ-mediated signaling pathways reduces the recruitment 

of myeloid-derived suppressor cells and other mediators of chronic inflammation, ultimately 

impeding tumor growth and progression [111,112]. This implies that even selective 

blockade of p110 subunits involved in the immune response may prove beneficial to 

antitumor therapy by mitigating inflammatory processes that favor tumor growth and 

survival.

While the explanation for this discrepancy is not entirely clear, one potential factor could be 

that p110γ and p110δ appear to adopt distinct roles within the immune response and in 

different immune cell types, the specifics of which have yet to be fully understood [102]. In 

that manner, p110δ and p110γ inhibition may induce different effects, with the former 

leading to the inhibition of proinflammatory antitumor responses (e.g., a robust T-cell 
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response), while p110γ inhibition may repress immune functions that actually favor 

inflammation-associated tumor progression (e.g., propagation of anti-inflammatory myeloid 

suppressor cells). In addition, the strength of the antitumor response may outweigh potential 

deleterious effects on immune cells. For example, Tzenaki et al. demonstrated a link 

between p110δ and PTEN activity in tumors, with inhibition of p110δ in breast and prostate 

cancer cells leading to increased PTEN activity and subsequent tumor growth suppression 

[113]. As such, selective inhibition of p110δ or p110γ may present a valid therapeutic 

strategy, but further research must be conducted to better understand their cumulative effects 

on tumor and immune cell viability, specifically in T cells.

Currently, several isoform-selective inhibitors are under active investigation in clinical 

cancer trials, including p110α (BYL-719 and MLN1117) and p110δ inhibitors (GS-1101 

and AMG-319) [10,103]. However, these agents have yet to be tested extensively in the 

context of GBM, and determining appropriate bio-availability as well as blood–brain barrier 

and tumor penetration will pose significant challenges. Evaluating this or similar agents in 

GBM, however, could prove worthwhile if these drugs retain their antitumor capacity while 

conserving the immune response.

PD-L1/PD-1 antibody

In place of modulating PD-L1 expression through the PI3K pathway, two recent Phase I 

clinical trials blocked the binding interaction between PD-L1 and its receptor PD-1. In a 

report published by Topalian et al., patients with solid tumors were treated with 

BMS-936558, a blocking antibody against PD-1. Objective overall clinical responses ranged 

from 18 to 28%, depending on the tumor type, but more importantly, in a representative 

sample of patients with proven PD-L1+ tumors, the response rate was higher at 36%. Rates 

of adverse events with immunological etiologies such as vitiligo, pneumonitis, hepatitis and 

colitis were relatively low [114]. Similarly, Brahmer et al. treated 207 patients with 

BMS-936559, a blocking antibody against PD-L1 [115]. Clinical response rates were lower, 

ranging from 6 to 17%. Immune-related adverse effects were observed in 39% of patients 

and rates for individual complications ranged from 1 to 10% [115].

Both of these studies illustrate the efficacy of blocking antibodies while accomplishing 

relative preservation of the immune response. However, while this approach is steadily 

gaining momentum, blocking antibodies have yet to undergo rigorous examination through 

clinical trials in GBM and, as was the case with PI3K pathway inhibitors, appropriate 

penetration of the blood–brain barrier and adequate drug delivery to tumor will need to be 

ascertained. Furthermore, unlike the PI3K pathway inhibitors, one primary limitation is that 

antibodies alone cannot induce tumor cell death. However, while the direct antitumor 

response may not be as robust, these antibodies may confer greater long-term advantage by 

maintaining the systemic antitumor immune response.

Conclusion

Immunosuppression should be foremost amongst our concerns when considering treatment 

options for GBM, and we must carefully select modalities that maintain or bolster the 

optimum immune environment for combating tumor growth. PI3K pathway inhibitors bear 
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promise due to their toxicity to tumor cells and capacity to mitigate mechanisms of immune 

evasion. However, their immunosuppressive effects raise significant concerns over their 

potential use in GBM immunotherapy. On the other hand, with supporting evidence from 

further experimental research, isoform-selective PI3K inhibitors or less immunosuppressive 

PI3K pathway inhibitors such as AZD-8005 may eventually rise to the forefront as adjuvants 

to vaccine immunotherapy.
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Executive summary

Augmenting vaccine immunotherapy with PI3K pathway inhibition

• Glioblastoma (GBM) tumors develop multimodal mechanisms by which they 

can evade immune surveillance, among which the programmed death ligand-1 

(PD-L1) protein bears significance.

• PI3K pathway inhibitors can induce tumor cell death while reversing PD-L1-

mediated mechanisms for immunosuppression.

• Few studies have investigated the viability of utilizing PI3K pathway inhibitors 

in conjunction with vaccine immunotherapy.

The PI3K/AKT/mTOR pathway & GBM

• PI3K/AKT/mTOR pathway mutations induce GBM tumorigenesis and PD-L1 

upregulation.

• PD-L1 causes T-cell apoptosis.

• Five pathway inhibitors are currently in clinical trials for GBM.

PI3K pathway inhibitors & interleukins

• GBM tumors cause Th2 skew by increasing production of Th2 cytokines (IL-4, 

IL-10 and IL-13)m while reducing Th1 cytokines (IL-2 and IL-12).

• PI3K pathway inhibitors impair cytotoxic T lymphocyte activity and cellular 

reactions mediated by IL-2, and increase IL-12 secretion.

• PI3K pathway inhibitors decrease Th2 cytokine production, which may 

potentiate the antitumor response.

PI3K pathway inhibitors & interferons

• Interferons are proinflammatory cytokines downregulated in GBM.

• Inhibitors may exacerbate the antitumor response by decreasing interferon 

production.

PI3K pathway inhibitors & other immune effectors

• Tregs are immunosuppressive T cells that present significant therapeutic 

challenges.

• PI3K pathway inhibitors increase survival advantage of Tregs.

• TGF-β is an immunosuppressive cytokine that is highly present in GBM.

• PI3K pathway inhibitors reduce TGF-β production, which may favor the 

antitumor response.

• Although both the PI3K pathway and TGF-β are involved in Treg proliferation, 

the former takes precedence.
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• Selective Treg expansion induced by inhibitors must be avoided if they are to 

become integrated into GBM therapeutics.

Conclusion

• Current evidence suggests that PI3K pathway inhibitor use in GBM 

immunotherapy may pose therapeutic limitations by impairing the immune 

response.

• Although these inhibitors are broadly immunosuppressive, select agents such as 

isoform-selective inhibitors warrant further investigation.

• Antibodies against PD-L1 and/or PD-1 may provide an alternate solution to 

mitigating the downstream effects of PD-L1 expression.
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Figure 1. The progression of the PI3K pathway
(1) First, ligands bind to receptors to promote receptor phosphorylation. (2) The PI3K 

protein attaches to the receptor, and (3) facilitates the conversion of PIP2 to PIP3. PTEN 

inhibits this step. (4) PIP3 goes to activate both PDK-1 and AKT, the former of which is 

required to activate the latter. (5) Phosphorylated AKT subsequently is involved in cell 

apoptosis and proliferation, and also activates mTOR. PI3K pathway inhibitors act on 

various steps within this pathway to inhibit pathway signaling. PDK-1: Phosphoinositide-

dependent protein kinase-1; PIP2: Phosphatidylinositol-4,5-bisphosphate; PIP3: 

Phosphatidylinostiol-3,4,5-trisphosphate.
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Figure 2. PI3K pathway and programmed death ligand-1 expression
(A) In a normal glioma cell with an intact PI3K pathway, T cells are able to bind 

antigenically and induce cellular apoptosis. (B) In a glioma cell with aberrant PI3K pathway 

signaling, PD-L1 expression is upregulated. This has two consequences: T cells bind 

through the PD-1 receptor and undergo apoptosis; and glioma cells secrete soluble factors 

(in red), which are taken up by monocytes. Monocytes secrete IL-10, which then upregulates 

PD-L1 expression on their cell surface. PD-1: Programmed death-1; PD-L1: Programmed 

death ligand-1.
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Table 1

Select clinical trials of temsirolimus (CCI-779) in glioblastoma.

Study (year) Phase Dose (n) PR (%) OS PFS Ref.

Chang et al. (2005) II 170 mg/week iv. (n = 16);
250 mg/week iv. (n = 27)

4.9 Median: N/A;
6-month: N/A

Median: 9 weeks;
6-month: 2.4%

[16]

Galanis et al. (2005) II 250 mg/week iv. (n = 65) 0 Median: 4.4 months;
6-month: 7.8%

Median: 2.3 months;
6-month: 7.8%

[17]

Lassen et al. (2013) II 25 mg/week iv. (n = 13) 0 Median: 15 weeks;
6-month: N/A

Median: 8 weeks;
6-month: N/A

[23]

Lee et al. (2012) I/II 25 mg/week iv. (n = 18) 11.7 Median: N /A;
6-month: N/A

Median: 8 weeks;
6-month: 0%

[24]

iv.: Intravenous; N/A: Not assessed; OS: Overall survival; PFS: Progression-free survival; PR: Partial response.
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Table 2

Select clinical trials of everolimus (RAD-001) in glioblastoma.

Study (year) Phase Dose (n) PR (%) OS PFS Ref.

Kreisl et al. (2009) Pilot DE PO (n = 2);
70 mg/week PO (n = 20)

14 Median: 5.8 months;
6-month: N/A

Median: 2.6 months;
6-month: 4.5%

[18]

Chinnaiyan et al. (2013) I 2.5 mg/day PO (n = 8);
5 mg /day PO (n = 9);
10 mg/day PO (n = 8)

N/A Median: N/A;
6-month: 100%

Median: N/A;
6-month: N/A

[19]

Sarkaria et al. (2011) I 30 mg/week PO (n = 6);
50 mg/week PO (n = 6);
70 mg/week PO (n = 6)

11 Median: N/A;
6-month: N/A

Median: N/A;
6-month: N/A

[22]

Mason et al. (2012) I 2.5 mg/day PO (n = 5);
5 mg/day PO (n = 15);
10 mg/day PO (n = 12)

11 Median: N/A;
6-month: N/A

Median: N/A;
6-month: N/A

[21]

Hainsworth et al. (2012) II 10 mg/day PO (n = 57) 61 Median: 13.9 months;
6-month: N/A

Median: 11.3 months;
6-month: 73%

[20]

DE: Dose escalation; N/A: Not assessed; OS: Overall survival; PFS: Progression-free survival; PO: Per oral; PR: Partial response.
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Table 3

Impact of PI3K inhibitors on interleukins.

Interleukin Physiologic function Th skew Phenotype in GBM Phenotype 
with PI3K 
inhibition

Overall effect of 
PI3K inhibitors

Ref.

IL-2 Proinflammatory Th1, Th2 ↓ IL-2; ↓ IL-2Rα ↓ IL-2; ↓ 
Response to 
IL-2; ↓ T-cell 
proliferation; ↓ 
T-cell apoptosis

↓ Antitumor response [9,27,29-35]

IL-4 Proinflammatory Th2 ↑ IL-4 ↓ IL-4; ↓ 
Response to 
IL-4

↑ Antitumor response [27,43-46,48,50-52]

IL-10 Prinflammatory Th2 ↑ IL-10 ↓ IL-10 ↑ Antitumor response [40,43,54]

IL-12 Proinflammatory Th1 ↓ IL-12 ↑ IL-12 ↑ Antitumor response [31,36-42]

IL-13 Proinflammatory Th2 ↑ IL-13; ↑ Mutated 
receptor (IL3Rα2)

↓ IL-13 ↑ Antitumor response [47-49,53]

GBM: Glioblastoma; IL13R2: IL-13 receptor α2; IL-2Rα: IL-2 receptor α.
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Table 4

Overall impact of PI3K inhibitors on interferons.

Interferons Physiologic function Th skew Phenotype in GBM Phenotype 
with PI3K 
inhibition

Overall effect of 
PI3K inhibitors

Ref.

IFN-α Proinflammatory Th1, Th2 ↓ IFN-α ↓ IFN-α ↓ Antitumor response [56,58,59,62]

IFN-β Proinflammatory Th2 ↓ IFN-β ↓ IFN-β;
↑ Glioma 
autophagy

↓ Antitumor response [57,61,63,64]

IFN-γ Proinflammatory Th1 ↓ IFN-γ ↓ IFN-γ ↓ Antitumor response [9,15,28,30,36,43,50,55,65-71]

GBM: Glioblastoma.
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Table 5

Overall impact of PI3K inhibitors on other immune effectors.

Immune effectors Physiologic function Th skew Phenotype in GBM Phenotype with 
PI3K inhibition

Overall effect of 
PI3K inhibitors

Ref.

Tregs Anti-inflammatory Th2 ↑ Survival advantage ↑ Survival advantage ↓ Antitumor response [14,27,73-80]

TGF-β Anti-inflammatory Th2 ↑ TGF-β ↓ TGF-β ↑ Antitumor response [54,76,78,81]

GBM: Glioblastoma.
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