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Introduction
Lung cancer, encompassing non-small cell lung cancer 
(NSCLC) and small cell lung cancer (SCLC), accounts 
for the highest number of cancer-associated deaths 
worldwide [1], driven by factors such as late-stage diag-
nosis, metastatic spread, and therapeutic resistance. 
Despite significant advancements in targeted therapies 
and immunotherapies, the prognosis for lung cancer 
patients remains poor, with a pressing need for novel 
therapeutic targets and strategies [2]. Among the myr-
iad molecular pathways implicated in lung oncogenesis, 
the phosphoinositide 3-kinase (PI3K) signaling axis has 
emerged as a central player, orchestrating critical cellular 
processes that underpin tumor growth, survival, metabo-
lism, and immune evasion [3].
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Abstract
Lung cancer remains the leading cause of cancer-related mortality globally, necessitating the continual exploration 
of novel therapeutic targets. The phosphoinositide 3-kinase (PI3K) signaling pathway plays a pivotal role in 
oncogenic processes, including cell growth, survival, metabolism and immune modulation. This comprehensive 
review delineates the distinct roles of PI3K subtypes—PI3Kα, PI3Kβ, PI3Kγ and PI3Kδ—in lung cancer pathogenesis 
and progression. We evaluate the current landscape of PI3K inhibitors, transitioning from non-selective early-
generation compounds to isoform-specific agents, highlighting their clinical efficacy, resistance mechanisms 
and potential combination strategies. Furthermore, the intricate interplay between PI3K signaling and the tumor 
immune microenvironment is explored, elucidating how PI3K modulation can enhance immunotherapeutic 
responses. Metabolic reprogramming driven by PI3K signaling is also dissected, revealing vulnerabilities that can be 
therapeutically exploited. Despite promising advancements, challenges such as therapeutic resistance and adverse 
effects underscore the need for personalized medicine approaches and the development of next-generation 
inhibitors. This review underscores the multifaceted role of PI3K in lung cancer and advocates for integrated 
strategies to harness its full therapeutic potential, paving the way for improved patient outcomes.
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The PI3K family comprises seven isoforms categorized 
into three classes [4], with Class I PI3Ks—PI3Kα, PI3Kβ, 
PI3Kγ, and PI3Kδ—being particularly relevant in the 
context of lung cancer. These isoforms exhibit distinct 
regulatory mechanisms and cellular functions, contribut-
ing to the heterogeneity and adaptability of lung tumors. 
PI3Kα, for instance, is frequently activated through 
genetic alterations such as PIK3CA mutations, driv-
ing processes like epithelial-to-mesenchymal transition 
(EMT) and metastasis [5]. PI3Kβ has been implicated in 
therapeutic resistance, especially in tumors deficient in 
the tumor suppressor PTEN [6], while PI3Kγ and PI3Kδ 
are integral to modulating the immune landscape within 
the tumor microenvironment (TME) [7, 8].

Targeting the PI3K pathway offers a promising thera-
peutic avenue, with the development of PI3K inhibi-
tors progressing from broad-spectrum agents to more 
selective compounds that aim to maximize efficacy 
while minimizing off-target effects. These inhibitors not 
only disrupt oncogenic signaling but also influence the 
immune milieu, potentially synergizing with immuno-
therapies to enhance anti-tumor responses [9]. Moreover, 
the PI3K/AKT/mTOR axis is a key regulator of metabolic 
reprogramming in cancer cells [10], facilitating the adap-
tation to nutrient-deprived and hypoxic conditions typi-
cal of the TME.

However, the clinical application of PI3K inhibitors 
is challenged by issues such as drug resistance, adverse 
immunological effects, and the intrinsic complexity of 
the PI3K signaling network [11]. Understanding the spe-
cific roles of PI3K isoforms in lung cancer biology, eluci-
dating resistance mechanisms, and devising combination 
therapies are critical for overcoming these hurdles. Addi-
tionally, the interplay between PI3K signaling and meta-
bolic pathways offers opportunities to exploit metabolic 
vulnerabilities in tumor cells.

This review aims to provide a comprehensive over-
view of the current understanding of PI3K signaling 
in lung cancer, encompassing the distinct functions of 
PI3K subtypes, the therapeutic landscape of PI3K inhibi-
tors, their impact on immune modulation within the 
TME, and their role in metabolic control. By integrating 
insights and analysis from preclinical and clinical studies, 
we highlight the potential of PI3K-targeted therapies to 
transform lung cancer treatment paradigms and identify 
strategies to enhance their clinical efficacy. Ultimately, 
this synthesis of current knowledge seeks to shed light 
for future research directions and facilitate the transla-
tion of PI3K-targeted approaches into effective clinical 
interventions for lung cancer patients.

PI3K subtypes in lung cancer
The PI3K family consists of seven isoforms categorized 
into three classes (I, II, and III) [12]. In the context of 

lung cancer, Class I PI3Ks are the most relevant, compris-
ing four isoforms: PI3Kα, PI3Kβ, PI3Kγ, and PI3Kδ [13, 
14]. Each subtype exhibits distinct regulatory domains, 
substrate specificities, and cellular localizations, contrib-
uting to diverse cellular processes.

PI3Kα is predominantly involved in regulating cell 
growth, survival, and angiogenesis, and is also frequently 
activated in lung adenocarcinomas through genetic alter-
ations such as PIK3CA mutations and amplifications [15]. 
PI3Kα activation is a critical event in the epithelial-to-
mesenchymal transition (EMT), a process that enhances 
metastatic potential by promoting cell motility and inva-
siveness. For instance, studies have shown that PIK3CA 
mutations correlate with increased EMT marker expres-
sion and higher rates of metastasis in NSCLC [16]. PI3Kβ 
plays a crucial role in cell cycle progression and survival. 
PI3Kβ is implicated in therapeutic resistance, particularly 
in tumors lacking PTEN, where it facilitates Akt activa-
tion independent of PI3Kα [6]. While PI3Kγ and PI3Kδ 
are primarily associated with immune cell function, their 
roles in lung cancer extend beyond immune modulation. 
PI3Kγ activation promotes the accumulation of immuno-
suppressive myeloid cells in the TME [17].

Aberrant activation of PI3K/AKT/mTOR pathway in lung 
cancer
The PI3K/AKT/mTOR signaling axis is fundamental to 
cellular processes such as growth, proliferation, survival, 
and metabolism. In lung cancer, dysregulation of this 
pathway is a common event, rendering it a critical target 
for therapeutic intervention [18]. Activation of the PI3K/
AKT/mTOR pathway is a hallmark of NSCLC, correlat-
ing with poor prognosis, increased tumor aggressiveness, 
and resistance to various therapies [19]. The mecha-
nisms underlying pathway activation in lung cancer are 
multifaceted, including mutations in PI3K genes, aber-
rant expression of PTEN, overexpression of downstream 
effectors and activation of upstream kinases [20].

Mutations in the PIK3CA gene are among the most 
common genetic alterations leading to PI3K pathway 
activation in lung cancer. These mutations, particularly 
in the helical and kinase domains, result in constitutive 
PI3K activity, driving oncogenic signaling independent 
of external growth factors [21]. For example, the H1047R 
mutation in PIK3CA enhances the lipid kinase activity of 
PI3Kα, promoting increased PIP3 production and sus-
tained AKT activation [22].

PTEN loss is another critical factor contributing to 
PI3K pathway activation. PTEN functions as a lipid phos-
phatase, counteracting PI3K by dephosphorylating PIP3 
to PIP2. In NSCLC, PTEN loss occurs through vari-
ous mechanisms, including genetic deletions, promoter 
methylation, and post-translational modifications [23]. 
The absence of functional PTEN leads to persistent AKT 
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activation, and enhanced cancer cell survival and prolif-
eration with the overexpression of PD-L1 in TME [24].

Elevated expression levels of downstream effectors, 
such as AKT and mTOR, further potentiate PI3K path-
way signaling. In lung adenocarcinoma, increased AKT 
expression correlates with enhanced tumor aggressive-
ness and poor clinical outcomes [25]. Similarly, overac-
tivation of mTORC1 and mTORC2 complexes facilitates 
robust protein synthesis and metabolic reprogramming, 
supporting rapid tumor growth [26, 27].

Upstream receptor tyrosine kinases (RTKs) like EGFR 
and HER2 are frequently overexpressed or mutated in 
lung cancer, leading to enhanced PI3K pathway activa-
tion. For instance, EGFR mutations in NSCLC not only 
drive increased PI3K signaling but also contribute to 
resistance against EGFR tyrosine kinase inhibitors (TKIs) 
through PI3K-mediated survival pathways [28]. More-
over, HER2 amplification has been implicated in the acti-
vation of the PI3K/AKT/mTOR axis, promoting tumor 
proliferation and resistance to chemotherapy [29, 30].

Effect of PI3K on immunity in lung cancer
PI3K signaling plays a pivotal role in regulating immune 
responses within the TME of lung cancer. The PI3K/
AKT/mTOR axis governs essential cellular processes 
such as survival, growth, and metabolism, while also 
influencing immune checkpoint pathways that tumors 
exploit to evade immune surveillance [31]. Dysregulation 
of PI3K signaling is a prevalent feature in lung cancer, 
often correlating with resistance to immune checkpoint 
inhibitors (ICIs) and presenting significant hurdles to 
effective immunotherapy.

Activation of the PI3K/AKT/mTOR pathway leads to 
the upregulation of immune checkpoint ligands, notably 
programmed death-ligand 1 (PD-L1). Elevated PD-L1 
expression on tumor cells facilitates the suppression of 
CD8+ T-cell activity and promotes the expansion of reg-
ulatory T cells (Tregs), thereby attenuating anti-tumor 
immunity and allowing unchecked cancer cell prolifera-
tion [32, 33]. Moreover, PI3K signaling contributes to an 
immunosuppressive TME by enhancing the infiltration 
and functionality of myeloid-derived suppressor cells 
(MDSCs) and tumor-associated macrophages (TAMs) 
[34, 35]. These immunosuppressive cell populations fur-
ther inhibit effective immune responses, fostering an 
environment conducive to tumor growth and resistance 
to immunotherapeutic interventions [36].

The interplay between PI3K signaling and immune 
checkpoint pathways provides a compelling rationale for 
combination therapies. PI3K inhibitors disrupt tumor-
promoting signaling pathways and enhance immune 
cell responsiveness to ICIs, resulting in more effective 
immune-mediated tumor suppression. PI3K inhibi-
tion can remodel the TME by reducing the prevalence 

of MDSCs and TAMs, thereby alleviating immune sup-
pression and fostering a more immunostimulatory 
milieu. This reconfiguration facilitates the infiltration 
and functionality of cytotoxic T cells, which are essen-
tial for robust antitumor responses. Additionally, PI3K 
inhibitors directly enhance the proliferation and activity 
of effector T cells, bolstering their capacity to eliminate 
tumor cells [37]. Notably, PI3Kδ inhibitors have demon-
strated effectiveness in diminishing Treg-mediated sup-
pression, thereby further enhancing immune-mediated 
tumor control [38].

Despite the promising potential of integrating PI3K 
inhibitors with ICIs, several challenges must be addressed 
to optimize this therapeutic strategy. A primary concern 
is the heightened risk of toxicity, as both PI3K inhibitors 
and ICIs can induce immune-related adverse events [39, 
40]. Determining optimal dosing regimens and sequenc-
ing strategies is crucial to maximize therapeutic benefits 
while minimizing adverse effects. Additionally, the emer-
gence of the resistance to PI3K inhibitors presents a sig-
nificant hurdle [41], necessitating a deeper understanding 
of resistance mechanisms to inform the development of 
more effective combination therapies. Ongoing research 
aimed at elucidating these mechanisms and refining 
combination protocols will be essential for translating 
these strategies into widespread clinical success.

Future directions include the identification of bio-
markers to predict response to PI3K inhibition and ICI 
combination therapies, thereby enabling personalized 
treatment approaches. Furthermore, exploring the role of 
different PI3K isoforms in modulating immune responses 
may uncover novel therapeutic targets and strategies. 
Advances in nanotechnology and drug delivery sys-
tems also hold promise for enhancing the specificity and 
reducing the toxicity of PI3K inhibitors, thereby improv-
ing their therapeutic index when used in combination 
with ICIs.

PI3K and metabolic control
Metabolic reprogramming is a hallmark of cancer, 
enabling tumor cells to adapt to the nutrient-deprived 
and hypoxic TME. The PI3K/AKT/mTOR pathway is 
central to this metabolic reprogramming in lung cancer, 
orchestrating anabolic and catabolic processes to sustain 
rapid cell growth and survival [42].

Generally, PI3K mediate cancer metabolism in the fol-
lowing manners, including enhancing anabolic metabo-
lism, modulation of metabolic enzymes and further 
suppression of metabolic stress and autophagy.

PI3K activation promotes anabolic metabolism by 
increasing glucose uptake and glycolysis, facilitating 
the synthesis of nucleotides, amino acids, and lipids. In 
lung cancer cells, PI3K-mediated signaling enhances the 
expression of glucose transporter 1 (GLUT1), thereby 



Page 4 of 12Zhang et al. Journal of Translational Medicine          (2025) 23:184 

boosting glycolytic flux and providing substrates for bio-
synthetic pathways [43, 44]. Additionally, PI3K/AKT sig-
naling stimulates lipid synthesis through the activation 
of sterol regulatory element-binding proteins (SREBPs), 
supporting membrane biogenesis and energy storage 
[45]. PI3K inhibition disrupts anabolic metabolism while 
simultaneously activating catabolic processes [46]. This 
shift creates a metabolic crisis in lung cancer, impairing 
their ability to sustain growth and survive under thera-
peutic stress [47].

Besides, PI3K inhibitors have been shown to downreg-
ulate key enzymes and transporters involved in various 
metabolic pathways. For instance, buparlisib suppresses 
the expression of hexokinase 2 (HK2) and pyruvate 
kinase M2 (PKM2) [48, 49], critical glycolytic enzymes, 
thereby hindering glycolytic flux and energy production 
in cancer cells. Moreover, PI3K inhibition impacts lipid 
metabolism by reducing the expression of fatty acid syn-
thase (FASN), limiting lipid biosynthesis necessary for 
membrane formation and energy storage [50]. These 
alterations underscore the pivotal role of PI3K in main-
taining metabolic homeostasis in lung cancer cells.

Furthermore, PI3K inhibitors induce metabolic stress 
in lung cancer cells by limiting nutrient availability and 
energy production. This stress can activate autophagy, 
a catabolic process that recycles cellular components to 
maintain energy homeostasis [51, 52]. While autophagy 
initially serves as a survival mechanism, prolonged inhi-
bition can lead to cell death, presenting a therapeutic 
opportunity to exploit further metabolic vulnerabilities 
in cancer cells.

Combining PI3K inhibitors with metabolic modula-
tors can enhance therapeutic efficacy by concurrently 
targeting multiple metabolic pathways. Several combi-
nations have demonstrated synergistic antitumor effects 
in preclinical models of lung cancer. Pan-PI3K inhibitor 
buparlisib combined with AMPK activator metformin 
was found to induce lung cancer cell apoptosis via Akt/

FoxO3a/Puma pathway [53]. Dual inhibition on PI3K and 
mTOR could not only directly suppress lung caner pro-
gression, but also enhance the efficacy of chemotherapy 
or targeted therapy in lung cancer treatment [54]. While 
the synergistic inhibition of tumor growth by PI3K/
mTOR inhibitor may due to simultaneously disrupts ana-
bolic processes.

In brief summary, the PI3K/AKT/mTOR pathway 
plays a crucial role in regulating metabolic processes 
that support the growth and survival of lung cancer cells. 
PI3K inhibitors disrupt anabolic metabolism, modulate 
key metabolic enzymes, and induce metabolic stress 
and autophagy, thereby impairing tumor growth. Fur-
thermore, combining PI3K inhibitors with metabolic 
modulators, such as AMPK activators or glutaminase 
inhibitors, can enhance therapeutic efficacy by targeting 
multiple facets of cancer metabolism. Ongoing clinical 
trials and preclinical studies continue to explore these 
combinations, offering promising avenues for improving 
outcomes in patients with lung cancer.

PI3K inhibitors in lung cancer therapy
Significant advancements have been made in the investi-
gation of PI3K inhibitors, with a multitude of these thera-
peutic agents currently undergoing preclinical studies 
[4, 55–60]. The research endeavors have led to a robust 
pipeline of PI3K inhibitors that are being rigorously eval-
uated for their efficacy and safety profiles prior to clini-
cal translation. Apart from that, the U.S. Food and Drug 
Administration (FDA) had granted approval for a total of 
69 small-molecule protein kinase inhibitors up to 2024 
that are specifically for cancer therapy. While only 5 PI3K 
inhibitors have been granted so far, including copanlisib, 
alpelisib, idelalisib, duvelisib, and umbralisib [61]. The 
modest count of approved PI3K inhibitors marks a nota-
ble milestone in the evolution of targeted oncological 
treatments. This progress, while commendable, simulta-
neously reveals the extensive terrain that remains to be 
explored in the quest for novel PI3K inhibitory agents.

PI3K inhibitors represent a significant advancement in 
the targeted therapy of lung cancer, effectively disrupt-
ing critical signaling pathways involved in tumor growth 
and survival. Ongoing advancements in inhibitor design, 
strategic combination therapy approaches, and resistance 
mitigation are pivotal for maximizing clinical efficacy. 
Modern PI3K inhibitors are categorized based on their 
selectivity: PI3Kα, PI3Kβ, PI3Kγ, PI3Kδ inhibitors, and 
pan-PI3K inhibitors that target multiple isoforms simul-
taneously. Currently, there are 11 PI3K inhibitors in clini-
cal trial that are specifically used for lung cancer therapy 
(Table 1).

Table 1  Current Clinical Trials Evaluating PI3K Inhibitors in Lung 
Cancer Therapy
Target Name Phase NCT trial for 

lung cancer
pan-PI3K 
inhibitor

PX-866 II NCT01204099
XL147/Pilaralisib I NCT04895579
GDC-0941/Pictilisib II NCT01493843
PKI-584/Gedatolisib II UMIN000020585

PI3Kα BYL719/Alpelisib II NCT02276027
GDC-0032/Taselisib II NCT02785913
TAK117/Serabelisib I NCT01449370

PI3Kβ AZD8186 I NCT01884285
GSK2636771 I/​IIa NCT01458067

PI3Kδ CAL-101/Idelalisib Ib/II NCT03257722
TQ-B3525 II NCT05284994
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Pan-PI3K inhibitors
The pan-PI3K inhibitors such as Wortmannin and 
LY294002, were non-selective, targeting multiple PI3K 
isoforms and subsequently limiting their clinical utility 
due to significant off-target effects and poor pharmacoki-
netic profiles [62, 63]. PX-866 is a semi-synthetic deriva-
tive of wortmannin, which functions as an orally available 
and irreversible pan-PI3K inhibitor [64]. Though PX-866 
potently inhibit PI3Kα/γ/δ, it demonstrates reduced 
on-target toxicity compared to wortmannin due to lim-
ited inhibition on PI3Kβ [65]. So far, a phase II trial of 
PX-866 on NSCLC has been conducted, yet the addition 
of PX-866 to docetaxel failed to improve progression-free 
survival (PFS), response rate, or overall survival (OS) in 
patients with advanced and refractory NSCLC [66].

XL147/pilaralisib is a quinoxaline scaffold, revers-
ible ATP-competitive pan-PI3K inhibitor [67]. A phase I 
clinical trial on pilaralisib has been conducted in patients 
with advanced solid tumors including squamous cell lung 
cancer, and the results showed that pilaralisib demon-
strated a favorable safety profile and preliminary antitu-
mor activity. Besides, The recommended phase II dose 

for pilaralisib tablets was calculated as 400 mg once daily 
based on PK data [68]. GDC-0941/pictilisib is another 
pan-PI3K inhibitor for lung cancer therapy that has been 
conducted for clinical trial. However, a phase II study for 
pictilisib failed to improve PFS and OS in non-squamous 
and squamous NSCLC patients (NCT01493843) [69].

PKI-584/gedatolisib is a dual PI3K/mTOR inhibitor 
[70, 71]. It is reported that gedatolisib significantly sup-
pressed SCLC in preclinical experiments. Further inves-
tigation showed that purine metabolites have emerged 
as critical mediators that contributed to the develop-
ment of resistance to gedatolisib [72]. However, a phase 
II clinical trial conducted in Japan has demonstrated that 
gedatolisib did not confer the anticipated clinical benefits 
for advanced SCLC patients harboring genetic alterations 
within this pathway [73].

PI3Kα inhibitors
In order to improve the therapeutic efficacy in clini-
cal trial, more selective PI3k inhibitors were devel-
oped based on the advances in medicinal chemistry 
and a deeper understanding of PI3K isoform-specific 

Fig. 1  Therapeutic and resistance mechanisms of PI3K inhibitors in lung cancer treatment. (A) PI3K inhibitor directly inhibit PI3K/AKT/mTOR pathway 
and consequently promote apoptosis and prevent angiogenesis and aberrant cell cycle. (B) Major reasons contribute to drug resistant of PI3K inhibitor

 



Page 6 of 12Zhang et al. Journal of Translational Medicine          (2025) 23:184 

functions. PI3Kα-specific inhibitors, such as BYL719/
alpelisib and GDC-0032/taselisib, have demonstrated 
efficacy in preclinical models by suppressing downstream 
signaling pathways and inhibiting tumor growth [56, 74]. 
Alpelisib, which is approved for treatment of breast can-
cer with PIK3CA mutations, has shown antitumor activ-
ity in patient-derived cells via suppressing the expression 
of retinoblastoma-associated protein and tumor suppres-
sor protein p53 [75]. Meanwhile, a phase II clinical study 
has demonstrated that alpelisib exhibited a commendable 
antitumor efficacy in NSCLC patients with a favorable 
safety profile [76]. Similarly, taselisib exhibited significant 
tumor regression in PIK3CA-mutant lung cancer [77]. 
In squamous cell lung cancer, though taselisib has failed 
to meet primary endpoint in phase II trial [78, 79], it still 
showed promising anti-lung cancer potential by MEK 
inhibitor in vitro [80].

Serabelisib is another PI3Kα-specific inhibitor. A 
phase I clinical trial of serabelisib in a cohort compris-
ing patients with advanced NSCLC has revealed that 
an intermittent dosing regimen of serabelisib was asso-
ciated with an acceptable safety profile. The findings 

suggested that intermittent dosing may enhance the 
therapeutic index of serabelisib by potentially mitigat-
ing dose-limiting toxicities while maintaining antitumor 
activity. Despite the study indicating a limited efficacy for 
serabelisib as a monotherapy, the encouraging safety and 
pharmacokinetic profile of serabelisib warrant further 
exploration in combination therapies [81].

PI3Kβ inhibitors
PI3Kβ inhibitors, such as GSK2636771 and AZD8186, 
have shown potential in inhibiting tumor growth in pre-
clinical lung cancer. It was found that orally bioavailable 
GSK2636771 showed a favorable safety profile in clinical 
trial and lung cancer patients who received GSK2636771 
remained free of progression for 33 weeks [82]. Further 
study revealed that AZD8186 was a dual inhibitor of 
PI3Kβ and PI3Kδ [83]. It was reported to show accept-
able safety and tolerability profile in treating PTEN defi-
cient solid tumors, including squamous cell lung cancer 
[84, 85].

Fig. 2  Function of PI3K in immunity and metabolism regulation in lung cancer. (A) Function of PI3K in lung cancer immunity. (B) Function of PI3K in lung 
cancer metabolism
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PI3Kγ inhibitor
Eganelisib is a representative PI3Kγ-specific inhibitor. To 
date, there have been no clinical trials specifically target-
ing lung cancer with eganelisib. However, the potential 
therapeutic effects of the compound on lung malignan-
cies are under investigation. It was found that eganelisib 
significantly suppressed lung cancer progression in ani-
mal model [86]. Other novel PI3Kγ-specific inhibitor, 
such as MTX-531, was shown to inhibit cancer progres-
sion while not lead to the hyperglycemia via weak acti-
vating peroxisome proliferator-activated receptor-γ. 
However, the function of MTX-531 has not been studied 
in lung cancer [56].

PI3Kδ inhibitors
PI3Kδ facilitates immune evasion by suppressing cyto-
toxic T-cell responses and promoting regulatory T-cell 
(Treg) expansion, which dampens anti-tumor immunity 
[36]. Inhibitors targeting PI3Kδ, such as CAL-101/Ide-
lalisib, have been explored for their potential to enhance 
immune-mediated tumor clearance via direct inhibition 
on the function of Tregs and myeloid derived suppressor 
cells (MDSC) [87]. However, a phase Ib/II trial assessing 
the safety and efficacy of idelalisib in NSCLC patients 
after PD-1 blockade was discontinued due to inadequate 
participant enrollment, compromising the study’s sta-
tistical validity (NCT03257722). Umbralisib is a PI3Kδ-
specific inhibitor that has been extensively studied in 
the context of leukemia. Studies have demonstrated that 
umbralisib is well tolerated and exhibits efficacy against 
relapsed or refractory hematological cancers [88]. While 
the antitumor capacity of umbralisib in lung cancer has 
not been studied yet. TQ-B3525 is another dual PI3Kα/δ 
inhibitor which has been progressed to phase II clinical 
trials that focused on NSCLC patients (NCT05284994).

Mechanisms underlying PI3K inhibitors in lung cancer
PI3K inhibitors exert antitumor effects through multi-
ple, interconnected mechanisms within the PI3K/AKT/
mTOR pathway:

a.	 Direct enzyme inhibition: Selective inhibitors 
bind to the PI3K catalytic subunits, preventing the 
conversion of PIP2 to PIP3, thereby blocking AKT 
activation [89].

b.	 Suppression of AKT activation: By inhibiting 
PIP3 production, these inhibitors reduce AKT 
phosphorylation, thereby diminishing cell growth 
and survival signaling [90].

c.	 Downregulation of mTOR Signaling: Inhibition 
of AKT leads to decreased mTOR activity [91], 
impairing protein synthesis, ribosome biogenesis, 
and cell cycle progression, which reduces cellular 
proliferation.

d.	 Induction of apoptosis: PI3K inhibitors can trigger 
programmed cell death by inhibiting anti-apoptotic 
proteins such as BCL-xL [92], leading to caspase 
activation.

e.	 Inhibition of angiogenesis: These inhibitors 
downregulate VEGF expression [93], thereby limiting 
the formation of new blood vessels essential for 
tumor growth.

f.	 Cell cycle modulation: PI3K inhibitors interfere with 
cyclin-dependent kinases (CDKs), thereby causing 
cell cycle arrest and reduced proliferation [94].

These multifaceted mechanisms highlight the potential 
of PI3K inhibitors as effective therapeutic agents in lung 
cancer. However, the complexity and redundancy of cel-
lular signaling networks can activate compensatory path-
ways, potentially undermining the long-term efficacy of 
these inhibitors.

Mechanisms underlying resistance to PI3K inhibitors
Despite their therapeutic promise, the clinical effi-
cacy of PI3K inhibitors is often compromised by the 
development of resistance. Understanding these resis-
tance mechanisms is crucial for developing effective 
counterstrategies.

a.	 Activation of alternative pathways: Lung cancer cells 
may activate compensatory signaling pathways, such 
as the MAPK/ERK axis, to sustain proliferation and 
survival despite PI3K inhibition [95]. Meanwhile, 
the janus kinase/signal transducer and activator 
of transcription (JAK/STAT) pathway can also 
be upregulated in response to PI3K inhibition. 
Activation of JAK/STAT signaling contributes to 
resistance by promoting gene transcription that 
supports cell growth and survival [96]. These 
exemplary alternative pathways play a pivotal role 
in bolstering cellular survival and proliferation, 
effectively equipping cancer cells with the 
wherewithal to circumvent the therapeutic blockades 
imposed by PI3K inhibitors.

b.	 Genetic alterations: Activating mutations in the 
catalytic subunit of PI3K, such as PIK3CA and 
PIK3CB, result in hyperactivation of the PI3K/Akt/
mTOR signaling pathway. Such mutations enhance 
the survival and proliferation of cancer cells, thereby 
conferring resistance to PI3K inhibitors [19, 97]. 
Additionally, mutations in downstream effectors like 
AKT can sustain pathway activation despite PI3K 
inhibition [98]. PTEN is a critical negative regulator 
of the PI3K pathway. Loss or functional inactivation 
of PTEN leads to unchecked PI3K signaling, 
thereby diminishing the efficacy of PI3K inhibitors 
[99]. Tumors with PTEN deficiency often exhibit 
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persistent PI3K pathway activity despite therapeutic 
intervention [24].

c.	 Metabolic reprogramming: Cancer cells often 
undergo metabolic reprogramming to adapt to 
therapeutic pressures. Enhanced glycolysis (the 
Warburg effect) and alterations in other metabolic 
pathways can provide the necessary energy and 
biosynthetic precursors to sustain cell growth despite 
PI3K pathway inhibition [100]. Metabolic flexibility 
allows cancer cells to circumvent the inhibitory 
effects of PI3K-targeted treatments [101].

d.	 Feedback activation mechanism: PI3K inhibitors 
can disrupt negative feedback loops that normally 
restrain upstream or parallel signaling molecules. 
For instance, inhibition of the PI3K pathway may 
relieve suppression of receptor tyrosine kinases such 
as HER3 and insulin-like growth factor 1 receptor 
(IGF-1R). Elevated expression and activation of 
these receptors can reactivate downstream signaling 
pathways, thus attenuating the therapeutic effects of 
PI3K inhibitors [102, 103].

Addressing resistance necessitates a multifaceted 
approach. Combination therapies targeting multiple 
pathways are essential to prevent compensatory mecha-
nisms. Additionally, personalized medicine strategies 
involving molecular profiling of tumors can identify spe-
cific resistance mechanisms, allowing for tailored thera-
peutic interventions. Future directions emphasize the 
integration of personalized medicine and combination 
therapies to overcome resistance and improve outcomes 
for lung cancer patients. As our understanding of PI3K 
biology deepens, PI3K inhibitors hold promise as integral 
components of comprehensive lung cancer treatment 
regimens.

Discussion
Despite significant advancements in elucidating the role 
of PI3K signaling in lung cancer, several critical research 
gaps and limitations persist, impeding the translation of 
these insights into effective therapies. A comprehensive 
understanding of PI3K subtypes remains incomplete, 
particularly concerning PI3Kγ and PI3Kδ. While PI3Kα 
and PI3Kβ have been extensively characterized, the spe-
cific functions and interactions of PI3Kγ and PI3Kδ with 
other signaling pathways in lung cancer are not fully elu-
cidated. This knowledge deficit hinders the development 
of targeted therapies that could potentially exploit these 
subtypes’ unique roles within oncogenic processes.

Another major challenge is the limited efficacy of cur-
rent PI3K inhibitors in clinical settings. Although these 
inhibitors have shown promise in preclinical models, 
their clinical outcomes have been modest. The primary 
reasons include the emergence of resistance mechanisms 

and the inherent heterogeneity of lung tumors [29, 104]. 
Additionally, the absence of robust biomarkers to predict 
patient response and the variability in PI3K pathway acti-
vation across different lung cancer subtypes contribute 
to inconsistent therapeutic efficacy. This underscores the 
necessity for more personalized approaches in targeting 
the PI3K pathway.

The TME further complicates the efficacy of PI3K 
inhibitors. Interactions within the TME, including 
immune cell infiltration, stromal interactions, and meta-
bolic support, significantly influence therapeutic out-
comes. Current preclinical models do not adequately 
capture these complex interactions, limiting the trans-
latability of findings to clinical success. Moreover, the 
adverse effects associated with PI3K inhibitors, such 
as hyperglycemia, hypertension, and immunosuppres-
sion, pose significant challenges. These side effects 
can adversely affect patient quality of life and adher-
ence to treatment regimens, necessitating the develop-
ment of strategies to manage and mitigate these adverse 
outcomes.

Addressing these challenges requires a multifaceted 
approach focusing on several key areas. Firstly, further 
investigation into the distinct roles of each PI3K isoform 
in various lung cancer subtypes and stages is impera-
tive. Detailed studies elucidating subtype-specific func-
tions will facilitate the development of more precise and 
effective targeted therapies [105]. Additionally, gaining 
mechanistic insights into how PI3K subtypes interact 
with other signaling pathways and contribute to pro-
cesses such as metastasis, immune modulation, and met-
abolic reprogramming will enable the identification of 
novel therapeutic targets and the design of combination 
strategies.

Biomarker development is equally crucial. Identify-
ing subtype-specific biomarkers for prognosis and treat-
ment response will allow for personalized therapeutic 
approaches, ensuring that patients receive treatments 
tailored to their specific tumor profiles. In parallel, the 
development of novel PI3K inhibitors with higher speci-
ficity and the ability to overcome resistance mechanisms 
is essential. Rational drug design, including structure-
based approaches and high-throughput screening, can 
lead to the creation of inhibitors that minimize off-tar-
get effects while enhancing therapeutic efficacy. Fur-
thermore, next-generation inhibitors that can bypass or 
counteract known resistance mechanisms, such as muta-
tions in PI3K isoforms or activation of compensatory 
pathways, hold promise for improving clinical outcomes.

Combination therapy strategies also present a viable 
path forward. Combining PI3K inhibitors with other 
targeted agents, such as EGFR tyrosine kinase inhibi-
tors or ALK inhibitors, can help overcome resistance in 
specific lung cancer subtypes. Additionally, integrating 
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PI3K inhibition with immunotherapies, such as immune 
checkpoint inhibitors, may enhance antitumor immunity 
by modulating the immune response while simultane-
ously targeting tumor signaling pathways. These syner-
gistic combinations could potentiate antitumor activity 
and prevent the emergence of resistance, thereby improv-
ing overall therapeutic efficacy.

Personalized medicine approaches, underpinned by 
comprehensive genetic and molecular profiling, are 
critical for optimizing PI3K-targeted therapies. Utiliz-
ing genetic profiling to tailor treatments based on spe-
cific mutations, such as PIK3CA mutations, ensures that 
patients receive the most effective therapies for their 
unique tumor characteristics. Moreover, selecting PI3K 
inhibitors based on the predominant PI3K subtype alter-
ations in individual tumors enables more precise target-
ing of oncogenic pathways, reducing off-target effects 
and enhancing therapeutic outcomes. Comprehensive 
treatment regimens that combine PI3K inhibitors with 
other therapies, informed by metabolic and immune pro-
filing of tumors, can address the diverse aspects of tumor 
biology, thereby enhancing therapeutic efficacy and mini-
mizing resistance.

Conclusion
While significant strides have been made in understand-
ing PI3K signaling in lung cancer, addressing the exist-
ing research gaps through targeted investigations, novel 
inhibitor development, combination therapies, and per-
sonalized medicine approaches will be pivotal in advanc-
ing PI3K-targeted therapies from modest clinical efficacy 
to meaningful patient outcomes.
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