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Cancer stem cells (CSCs) are an insigni�cant, however enormous population of tumor cells that 

display capacities of self-renewal, differentiation, and tumor initiation, consequently being the 

core feature in cancer progression, recurrence, and drug resistance. The phosphoinositide 3-

kinase/protein kinase B (PI3K/AKT) is one of the most critical signalling cascades regulating 

CSCs and controlling their stemness, survival, evasion of the immune system under stressful 

conditions, as well as metabolic reprogramming. This review provides an overview of the 

morphological features and functional aspects of the PI3K/AKT immune cascade and pathway, 

and how it essentially connects with both upstream and downstream effectors in CSC biology. 

The cross-communication of PI3K/AKT with other pathways, e.g., Wnt, Notch, and Hedgehog, is 

elaborated to emphasize the redundancy of the networks facilitating CSC maintenance and 

drug resistance. Additionally, we provide an in-depth scrutiny of the processes through which 

PI3K/AKT signalling leads to CSC resistance to chemotherapy, radiotherapy, and targeted 

therapy, as well as their plasticity, metastasis, and immune escape mechanisms. Current and 

future therapeutic approaches targeting the PI3K/AKT axis, such as small molecule inhibitors, 

combination therapy, and drug delivery nanotechnology, are also discussed. Finally, we present 

clinical issues and prospects for improving CSC-based therapy by using PI3K/AKT blockade to 

eliminate resistance and induce protracted, long-lasting cancer remission.
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important role in the initiation, development, metastasis, 
and recurrence of numerous malignancies, thus 
representing an important therapeutic target in 
contemporary oncology. The survival and function of CSCs 
post-treatment is emerging as a major cause of 
therapeutic resistance and disease recurrence, hence the 
urgent need to understand the molecular mechanisms that 
regulate CSC survival and function [2]. Among the various 

I N T R O D U C T I O N

Cancer stem cells (CSCs) are a particular subpopulation in 
the heterogeneous tumor mass with the ability of self-
renewal, differentiation, and tumorigenic potential. These 
stem-like cells are highly similar to normal stem cells, yet 
they possess dysregulated signalling mechanisms that 
make them resistant to conventional treatments, allowing 
them to survive cytotoxic therapies and repopulate the 
tumor [1]. CSCs have been increasingly shown to play an 
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signalling cascades involved in CSC biology, the 
phosphoinositide 3-kinase/protein kinase B (PI3K/AKT) 
signalling cascade stands out as one of the most critical. It 
re g u l ate s  e ss e n t i a l  ce l l u l a r  p ro ce ss e s  s u c h  a s 
proliferation, apoptosis, metabolism, and survival [3]. 
Aberrant elevation of PI3K/AKT signalling is characteristic 
of many cancers and has been linked to oncogenic 
transformation, tumor progression, and poor clinical 
outcomes. This is largely due to the pivotal role PI3K/AKT 
plays in sustaining the stem-like phenotype of CSCs, which 
contributes to resistance against chemotherapy and 
radiotherapy, epithelial-mesenchymal transition (EMT), 
and immune evasion. These �ndings suggest that the 
PI3K/AKT pathway is not only central to general tumor 
biology but also has a unique role in promoting CSC-
associated pathological behaviours [4]. Due to this strong 
association between PI3K/AKT signalling and CSC 
maintenance, it has emerged as a highly attractive 
therapeutic target. In-depth understanding of its 
molecular interactions with CSC regulatory networks is 
essential for developing more effective and lasting cancer 
treatments. Despite recent advances, challenges such as 
pathway redundancy, compensatory mechanisms, and the 
toxicity of targeted inhibitors still hinder clinical translation 
[5]. The study discusses the mechanistic role of this 
pathway in CSC-mediated therapeutic resistance and 
relapse [6]. Furthermore, the study highlights promising 
therapeutic strategies targeting PI3K/AKT, identi�es 
existing gaps in clinical application, and outlines future 
directions to improve CSC-targeted therapies. By 
dissecting this essential signalling cascade, we hope to 
contribute to ongoing efforts to enhance the effectiveness 
of cancer treatment through the targeted elimination of 
CSCs [7].
Despite extensive research on the PI3K/AKT signalling 
pathway in general tumor biology, its precise and context-
speci�c role in regulating cancer stem cell (CSC) 
maintenance, therapeutic resistance, and immune evasion 
across different tumor types remains incompletely 
understood. Current therapeutic strategies often target 
bulk tumor cells without adequately addressing CSC-
driven relapse and metastasis. Furthermore, pathway 
redundancy, complex crosstalk with Wnt, Notch, and 
Hedgehog signalling, and limited clinical success of 
PI3K/AKT inhibitors highlight a signi�cant translational 
gap. A comprehensive synthesis of mechanistic insights 
and emerging therapeutic strategies speci�cally focusing 
on CSC-associated PI3K/AKT signalling is therefore 
urgently needed.
Fundamental Constituents of the PI3K/AKT Pathway
The PI3K/AKT signalling pathway is a cascade of tightly 
regulated proteins that orchestrate key cellular processes, 
including growth, proliferation, and survival. The principal 

molecule initiating this cascade is Class I phosphoinositide 
3-kinase (PI3K), a heterodimer composed of a catalytic 
subunit, p110 isoforms (α, β, δ, or γ) and a regulatory subunit 
(p85 or p101).  Among these, p110α  and p110β  are 
ubiquitously expressed and frequently mutated or 
overexpressed in solid tumors, whereas p110δ and p110γ are 
predominantly found in leukocytes and are often 
implicated in immune-related malignancies. Upon 
activation, PI3K phosphorylates phosphatidylinositol-4,5-
b i s p h o s p h ate  ( P I P 2 ) ,  c o nve r t i n g  i t  i n to  p h o s p -
hatidylinositol-3,4,5-trisphosphate (PIP3), a key secondary 
messenger that recruits AKT to the cell membrane for 
activation [8]. Protein kinase B (AKT) exists in three 
isoforms: AKT1, AKT2, and AKT3, which share high 
sequence similarity but differ in function depending on 
tissue type and cancer context. Full activation of AKT 
requires phosphorylation at two critical residues: 
threonine 308 by phosphoinositide-dependent kinase-1 
(PDK1) and serine 473 by the mechanistic target of 
rapamycin complex 2 (mTORC2) [9]. Once activated, AKT 
transmits signals downstream by phosphorylating a wide 
range of substrates involved in metabolism, apoptosis, and 
cell cycle regulation. Phosphatase and tensin homolog 
( P T E N )  f u n c t i o n s  a s  a  t u m o r  s u p p r e s s o r  b y 
dephosphorylating PIP3 back to PIP2, thereby negatively 
regulating the PI3K/AKT pathway. Loss or mutation of 
PTEN is a frequent oncogenic event in multiple 
malignancies. Another key downstream component is the 
m e c h a n i s t i c  t a r g e t  o f  r a p a m y c i n  ( m T O R ) ,  a 
serine/threonine kinase that exists in two distinct 
complexes: mTORC1 and mTORC2. These complexes 
regulate protein synthesis,  cellular growth, and 
cytoskeletal organization, positioning mTOR as a critical 
effector of AKT signalling [10].
Upstream Controllers and Activation Machinery
External stimuli usually initiate the PI3K/AKT pathway by 
binding the pathway to membrane-bound receptors. EGFR, 
HER2, FGFR, and PDGFR are among the most characterized 
upstream activators, the so-called receptor tyrosine 
kinases (RTKs). When ligated, these receptors become 
auto-phosphorylated on tyrosine residues, forming binding 
sites on PI3K through the SH2 domain of its regulatory 
subunit. Equally, G-protein-coupled receptors (GPCRs) and 
integrins may activate PI3K directly, as well as using an 
adaptor protein such as IRS-1/2 and GAB1. These upstream 
cues lead to catalytic conversion of PIP2 into PIP3 in the 
inner lea�et of the plasma membrane to localize AKT and 
PDK1 at the membrane [1]. Basic anchoring of AKT in the 
plasma membrane promotes its phosphorylation and 
c o m p l e t e  a c t i v a t i o n .  P D K 1  a c t i v a t e s  A K T  b y 
phosphorylation of the threonine residue (Thr308) and 
mTORC2 activates AKT by phosphorylation of the serine 
residue (Ser473), a two-step process being critical in its full 
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activation. This controlled activation is highly temporally 
conditional and spatially restricted to downstream signal 
transduction. Interestingly, PI3K signal ampli�cation could 
also be through oncogenic mutations, ampli�cation, or 
loss-of-function mutation in some regulatory domains 
such as PTEN, which is often missing or down-regulated in 
many cancers [2].
Downstream Effectors and Cellular Functions
Phosphorylation Once turned on, AKT targets a wide 
variety of downstream proteins, affecting numerous 
cellular processes that can increase tumor formation and 
growth. mTORC1 is a key downstream effector that controls 
t h e  g r o w t h  o f  c e l l s  a n d  p r o t e i n  s y n t h e s i s  b y 
phosphorylating S6 kinase (S6K) and 4E-binding protein 1 
(4E-BP1), which are important controllers of mRNA 
translation. This causes improved anabolic conditions and 
biomass gain, which promotes uncontrolled cell growth in 
cancer [3]. The forkhead box O (FOXO) collection of 
transcription factors is another important category of 
targets. Phosphorylation of FOXO proteins by AKT leads to 
nuclear expulsion and inactivation of the protein, 
repressing the activation of the genes dealing with 
apoptosis, cell cycle arrest, and oxidative stress response 
[4]. On the same note, glycogen synthase kinase 3 beta 
(GSK3B) gets phosphorylated by AKT to be inhibited in a way 
that advances cell phase and boosts the transcription of 8-
catenin,  a feature that is involved in epithelial-
mesenchymal transition and stemness. AKT also 
inactivates the pro-apoptotic protein BAD through 
phosphorylation and stimulates MDM2, resulting in the 
degradation of the tumor suppressor p53, and all these 
inhibit intrinsic apoptotic pathways [5]. A combination of 
these downstream effects also gives cancer cells an 
augmented rate of proliferation, liability to cell death, 
metabolic recon�guration,  and immune evasion 
consequences. Within the framework of the cancer stem 
cells, the above-mentioned outputs mediate the 
maintenance of the stem cell phenotype through self-
renewal,  pluripotency and conventional  therapy 
resistance, making the PI3K/AKT pathway the master 
regulator of oncogenic signalling [6].
Characterization and Major Identi�ers of CSCs in Cancers
Cancer stem cells (CSCs) are a subset of cancer cells which 
exhibit, like normal stem cells, stem-like characteristics, 
such as the ability to self-renew and differentiate into a 
heterogeneous population of tumor cells. Like normal 
tissue stem cells, CSCs are conceptually presumed to be at 
the top of a cellular hierarchy in tumors and able to initiate 
and perpetuate tumorigenesis. The �rst cases of their 
detection were in acute myeloid leukaemia (AML) and then 
in solid tumors of breast, brain, colon, prostate, pancreatic 
and liver cancer [7]. Speci�c surface markers have been 
able to aid in the identi�cation and isolation of CSCs, but 

this is tissue and tumor-type-dependent. As an example, 
the CD44high/CD24low and ALDH1 positivity is a standard 
universal in the breast cancer CSC, and the CD133 and 
nestin are universal markers in glioblastoma. In colorectal 
cancer, CD44, CD166 and Lgr5 have been used to describe 
CSCs; in hepatocellular carcinoma, they utilize CD133 and 
EpCAM. These markers are frequently functionally involved 
in the regulation of stemness, signalling patterns and 
engagement of the tumor environment [8] (Table 1).

Table 1: Key CSC Markers and Their Expression in Various Cancer 

Types

Cancer Type

Breast Cancer

Glioblastoma

Colorectal Cancer

Pancreatic Cancer

Hepatocellular 

Carcinoma

References

[1]

[2]

[3]

[4]

[5]

Common CSC
 Markers

CD44^high/CD
24^low, ALDH1

CD133, Nestin

CD44, Lgr5, 
Cd166

CD133, CXCR4

CD133, EpCAM

Marker Frequency
 (%)*

CD44^high: 15-30%, 
ALDH1: 20-40%

CD133: 10-25%

CD44: 12-28%, 
Lgr5: 15-35%

CD133: 7-20%

CD133: 10-25%

Biological Properties: Self-Renewal, Differentiation and 
Quiescence
The distinct characteristics of CSCs are self-renewal, the 
c a p a c i t y  t o  g e n e r a t e  d a u g h t e r  c e l l s  w i t h  t h e 
characteristics of stem cells, and differentiation, the 
capacity that causes the generation of daughter cells with 
distinctive phenotypes [9]. The process of self-renewal is 
highly governed by both intrinsic and extrinsic signals that 
are controlled by both intrinsic transcription factors (e.g., 
NANOG, SOX2 and OCT4) and extrinsic signalling pathways 
(Notch: Wnt/beta-catenin, Hedgehog, and PI3K/AKT). The 
presence of these networks also preserves the stem-like 
state as well as eliminates early differentiation. Moreover, 
CSCs tend to be in quiescence or grow at low rates, and this 
aspect enables them to avoid the chemotherapeutic drugs, 
which are usually effective in destroying fast-growing cells 
[10]. This dormancy is not limited to being only a survival 
strategy, but a long-term maintenance of tumor as well as a 
delay of relapse. Moreover, CSCs are capable of rapid 
transformation between quiescence and proliferative 
phenotypes upon environmental stimuli, making them hard 
to attack therapeutically. Plasticity supplies CSCs with the 
ability to adjust to various micro-environmental 
conditions, be resistant to the cytotoxic stress, and 
support the re-formation of the tumor despite punishing 
treatment protocols [11].
Therapy Resistance, Recurrence, and Metastasis of CSCs 
Cells
Among the most clinically relevant peculiarities of CSCs, 
the �rst thing to be mentioned here is their high resistance 
t o  c l a s s i c  c a n c e r  t r e a t m e n t  m e t h o d s  s u c h  a s 
chemotherapy, radiotherapy, and targeted medications. 
Such resistance can be due to a variety of mechanisms, 
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which include: an augmented repair capacity of DNA 
damage, up-regulation of drug e�ux transporters (ABCG2 
and ABCB1), an induction of anti-apoptotic signalling and a 
heightened expression of reactive oxygen species (ROS) 
scavengers. Further, interaction with constituents of the 
tumor microenvironment, such as hypoxic niches, cancer-
associated �broblasts, as well as immune suppressive 
cells, protects CSCs against therapeutic insult. Such 
defence mechanisms enable CSCs to evade treatment, 
causing minimal residual cancer and tumor relapse [12]. 
CSCs also play major roles in causing metastasis. By the 
acquisition of higher motility and invasive capacity through 
epithelial-to-mesenchymal transitions (EMT), a process 
frequently controlled by PI3K/AKT and other signalling 
pathways as well, CSCs develop the capacity to be more 
migratory and invasive. Such migratory CSCs have the 
capacity of spreading to far-away organs, becoming 
quiescent and afterwards reviving to develop the 
metastatic lesions. In clinical trials, increased expression 
of CSC markers is associated with poor survival, a greater 
chance of recurrence, and a lower survival rate in different 
cancers. CSCs, therefore, do not just constitute a 
mechanistic connection to therapeutic failure but also 
form a major barrier in attaining long-term cancer 
remission [13].
Maintaining CSC and Self-Renewal
The PI3K/AKT signalling pathway is the key to maintaining 
the stemness and survival of cancer stem cells (CSCs). The 
PI3K/AKT pathway combines external signals with internal 
transcriptional negative signalling to adjust the essential 
stem cell attributes, which include self-renewal, growth, 
and metabolic reprogramming. The phosphorylation of 
pro-apoptotic agents like BAD and transcription factors 
FOXO occurs when AKT is activated, and existing cell death 
and survival are inhibited and enhanced accordingly [1]. On 
top of that, AKT-induced activation of mTOR promotes 
anabolic growth as well as protein synthesis, which is 
f u n d a m e n t a l  i n  s u s t a i n i n g  t h e  h i g h  f u n c t i o n a l 
requirements of CSCs. In CSCs, PI3K/AKT signalling also 
enhances the expression of pluripotency-related 
transcription factors NANOG, SOX2, and OCT4, which also 
help in maintaining the undifferentiated tumor-initiating 
phenotype. Blocking the PI3K/AKT axis was found to 
decrease tumor sphere formation, clonogenic potential 
and expression of CSC markers in a variety of cancer cells, 
attesting to its central importance in CSC modulation [14].
EMT and Phenotypic Plasticity Advertisement
Epithelial dysregulated multipotent stem cells, an example 
of one of the mechanisms by which PI3K/AKT enhances 
CSC enrichment, is the induction of epithelial-to-
mesenchymal transition (EMT), a biological process during 
which epithelial cells lose their polarity and adhesive 
property and gain the mesenchymal and migratory 

qualities. EMT is strongly linked to the development of 
stem-like characteristics, and the process is often induced 
in CSCs when they undergo metastasis as well as 
therapeutic resistance [15]. The PI3K/AKT pathway also 
plays a role in EMT through the activation of transcription 
factors (Snail, Slug, Twist, and ZEB1), the expression of 
which downregulates E-cadherin levels and activates the 
remodeling of the cytoskeleton. Such a transition not only 
enhances invasion and metastasis but also strengthens 
the plasticity of cancer cells such that non-CSCs can 
transition to a CSC-like state during stressful conditions 
[16]. Moreover, AKT promotes the stability of β-catenin by 
inhibiting GSK3β, a Wnt inhibitor, to facilitate the 
translocation of nuclear β-catenin into transcription of 
EMT-related genes. The plasticity of tumors is supported 
by the ability to promote the convergence of EMT and CSC 
phenotypes mediated by the PI3K/AKT signalling to enable 
them to adapt to hostile microenvironments and resist 
treatment [15].
Crosstalk among Other Stemness-Related Pathways
The PI3K/AKT pathway does not work independently but is 
highly involved in combining with other important 
signalling pathways implicated in regulating CSCs, like the 
Wnt/ 9912-catenin, Notch, as well as the Hedgehog 
pathway [17]. The PI3K/AKT pathway in the Wnt signalling 
pathway helps stabilize and translocate into the nucleus 
the β-catenin, thereby increasing the transcription of Wnt 
target genes relating to stemness. The cleavage and 
activity of the Notch intracellular domains in the Notch 
pathway are known to have PI3K/AKT signalling, regulating 
downstream gene expression in the Notch pathway, 
regulating cell fate and stem cell renewal. Likewise, 
PI3K/AKT signalling is vulnerable to stimulation by the 
Hedgehog pathway either indirectly through Smoothened 
or directly through cross-regulatory points, mTOR and GLI 
transcription factors. This widespread crosstalk forms a 
strong, highly redundant network responsible for helping 
CSC maintain, survive and acquire therapeutic resistance, 
which makes it di�cult to target any individual pathway 
alone. It is a possibility that a more e�cient approach to 
destroying CSC populations can be found by targeting the 
areas of convergence with such signalling cascades [18].
PI3K/AKT4.4 -CSC Interactions Type-Speci�c Cancer 
Evidence
Regulation of CSC through the PI3K/AKT signalling pathway 
has been reported in various malignancies. PI3K/AKT 
hyperactivity in breast cancer (which in many instances is 
associated with PIK3CA mutation or PTEN loss) is 
associated with higher levels of ALDH1+ CSCs and 
resistance to endocrine drugs, including tamoxifen. 
B l o c k i n g  o f  P I 3 K  i n  t h e s e  m o d e l s  d e c r e a s e s 
mammosphere formation and chemotherapeutic 
sensitivity to CSCs. Patients with glioblastoma have AKT 
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constitutively activated in CD133+ CSCs, and this leads to 
temozolomide and radiation resistance. Prevention of AKT 
in these cells decreases the tumorigenicity and induces 
apoptosis [19]. CSCs in colorectal cancer positive for CD44 
and Lgr5 also depend on the PI3K/AKT pathway for their 
proliferation and survival. In this case, Wnt antagonists in 
combination with PI3K inhibitors have demonstrated the 
potential in the decrease of tumor reoccurrence and 
metastasizing. In pancreatic cancer and prostate 
malignancy, as well, faulty PI3K/AKT signalling helps shield 
CSCs in low-oxygen or reduced feed conditions, and leads 
to metastasy and drug resistance (Figure 1) [20].
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Figure 1: Effect of PI3K/AKT Inhibition on CSC Characteristics 
Across Cancer Types

Therapeutic Targeting of the PI3K/AKT Signalling in CSCs

Due to therapeutic resistance, targeting the PI3K/AKT 

signalling pathway has emerged as a promising strategy for 

eliminating cancer stem cells (CSCs) and overcoming 

resistance. Multiple inhibitor classes have been developed 

and are currently undergoing clinical or early-stage testing, 

each designed to disrupt different components of the 

pathway. Pan-PI3K inhibitors, including buparlisib 

(BKM120) and pictilisib (GDC-0941), inhibit all Class I PI3Ks to 

provide broad-spectrum suppression of the pathway. The 

study illustrates the distribution of inhibitors. These 

inhibitors have demonstrated e�cacy in reducing CSC 

populations and tumor formation in various cancer models 

(Figure 2). However, their clinical application is often 

limited by toxicity resulting from systemic PI3K inhibition in 

normal tissues.

0 2 4 6 8 10 12

Preclinical

Phase I

Phase II

Phase III

Approved

Number of PI3K/AKT Inhibitors

Figure 2: Distribution of Inhibitors by Clinical Trial Phase

Combination Therapy of CSCs and Bulk Tumor Cells

De�ciencies in eradicating tumor with monotherapy alone 

are common and are well known through the concept of 

pathway redundancy and compensation. As a result, 

combination therapy has been an appealing method of 

attacking CSCs and the majority of the tumor cells and cells 

that make up the bulk of the tumor. As an example, 

cytotoxic resistance of CSC is overcome in combination 

with PI3K/ AKT inhibitors and chemotherapy minimizing 

tumor recurrence. Likewise, combining PI3K/AKT 

inhibition with other anti-CSC pathways (e.g. Wnt, Notch or 

Hedgehog) has produced synergistic antitumor activity in 

preclinical models [21]. Furthermore, there has been a 

potential for the use of PI3K/AKT pathway inhibitors with 

immune checkpoint inhibitors (e.g. anti-PD-1/PD-L1 

antibodies) to overcome the CSC-mediated immune 

evasion. The strategies are directed towards affecting the 

tumor microenvironment that is immunosuppressive, to 

induce strong anti-tumor immune responses. More 

e�cacies with reduced resistance may further be 

achieved with personalized combination regimens that are 

based on tumor genomic and proteomic pro�ling [22].

Nanotechnology-Based Drug Delivery System and Nano-

based Approaches

Improvements to drug delivery methods have allowed a 

more effective abrogation of the PI3K/AKT inhibitors to 

CSCs, reducing overall systemic toxicity. Liposomes, 

p o l y m e r i c  n a n o p a r t i c l e s ,  a n d  d e n d r i m e r s  a r e 

nanoparticle-based delivery systems that enable the 

encapsulation of PI3K/AKT inhibitors, resulting in minimal 

drug release, increased bioavailability, and enhanced 

tumor penetration [23]. These nano-carriers may be 

modi�ed with ligands or antibodies that bind to surface 

markers expressed selectively on CSCs (e.g., CD44, CD133), 

and therefore, can be targeted to CSCs, leaving normal 

stem cells unharmed. Delivery of this type enhances the 

therapeutic index and off-target effects. In addition, co-

packaging of PI3K/AKT inhibitors with chemotherapeutics 

or siRNAs against complementary pathways would also 

create a �exible system to administer a combination 
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therapy. Into this category fall also recent developments 

involving stimuli-responsive nanoparticles which liberate 

their load in response to tumor micro-environmental 

factors, e.g. pH, enzymes, or redox conditions. Such 

intelligent delivery systems increase the concentration of 

drugs in CSCs micro-niches and bridge the physical 

barriers by the tumor stroma [24].

Clinical Challenges and Future Directions

Although it has made signi�cant breakthroughs in the 

treatment of cancers through inhibition of the PI3K/AKT 

signalling pathway, there are still clinical issues that curtail 

therapeutic e�cacy and expand clinical use of such drugs. 

The major limitation is systemic toxicity related to pathway 

inhibition, since PI3K/AKT signalling is involved in many 

normal bodily functions, including glucose metabolism, 

immune system regulation, and vascular homeostasis [25]. 

This mostly leads to undesirable side effects such as 

hyperglycemia, rash, gastrointestinal disturbances, and 

immunosuppression, which limit dosing and patient 

compliance. In addition, cancer cells often respond by 

initiating compensatory feedback signals after inhibiting 

PI3K/AKT and end up restoring either the upstream 

receptor tyrosine kinases or activating alternative survival 

pathways. Hence, developing resistance to drugs. 

Heterogeneity in tumors also adds to the problem of 

treatment, since cancer and cancer stem cell (CSC) 

subsets can utilize various signalling pathways to escape 

therapy. As a result, monotherapies against the pathway do 

not tend to produce long-lasting responses. Because of 

this, patient strati�cation and real-time monitoring of the 

effectiveness of the therapy have demanded the 

development of robust biomarkers in order to tailor patient 

outcomes [26]. Although molecular changes like PIK3CA 

mutations and PTEN loss are associated with increased 

activity of the pathway, they are not su�cient to forecast 

clinical bene�t, which stresses the importance of dynamic 

biomarkers that take into account the activity of the 

pathway and the burden of CSCs. Resistance may be 

overcome and more effective cancer control achieved by 

the combination of targeted inhibitors to PI3K/AKT 

signalling together with other biologically relevant 

pathways known to be co-activated or microenvironmental 

substances that currently remain untargeted [27]. 

Limitations and Future Prospects

This review is limited by reliance on currently available 

preclinical and clinical data, with comparatively fewer long-

term clinical trial outcomes speci�cally evaluating 

PI3K/AKT-targeted therapies in CSC populations. Tumor 

heterogeneity, compensatory signalling mechanisms, and 

systemic toxicity of pathway inhibitors remain major 

barriers to successful clinical translation. Additionally, 

standardized biomarkers for monitoring CSC burden and 

C O N C L U S I O N

Combining PI3K/AKT inhibitors with immunotherapy is a 

potential approach that would address tumor immune 

evasion, offering a solution to treatment durability. 

Pathway inhibition has preclinical evidence of modestly 

decreasing immunosuppressive molecules such as PD-L1 

and reshaping the tumor microenvironment to drive 

immune-activating biology, which would render both CSCs 

and bulk tumor cells more vulnerable to immune 

destruction. The use of PI3K/AKT inhibitors in combination 

with immune checkpoint blockade is under ongoing clinical 

trials, but the best regimens and selection criteria of 

patients are still awaited. Moving on, precision oncology 

strategies integrating in-depth molecular characterization 

and a new generation of computational methods have the 

promise to make the therapy more individualized 

depending on the tumor or CSC characteristics. The future 

direction of PI3K/AKT-targeted therapies is therefore the 

smooth interconnection between molecular diagnostics, 

targeted inhibition, and immune modulation, resulting in 

durable, individual patient-speci�c therapy outcomes.
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