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Abstract

Tumor-targeted therapy with small-molecule inhibitors (SMIs) has been demonstrated to be a highly effective therapeutic strategy
for various cancers. However, their possible associations with immune evasion mechanisms remain unknown. This study exam-
ined the association of inhibitors of the protein kinase B (AKT), mammalian target of rapamycin (mTOR), and Bruton’s tyrosine
kinase (BTK) signaling pathways with the expression of immune checkpoint ligands programmed death-ligand 1 (PD-L1), CD155, and
galectin-9 (Gal-9) in a breast cancer cell line. MCF-7 cells were treated with everolimus, MK-2206, and ibrutinib. An MTT assay was used
to determine the optimal dose for all drugs. A real-time polymerase chain reaction was utilized to measure the mRNA expression of
PD-L1, CD155, and Gal-9. The western blot technique was also employed to evaluate the protein expression of the phosphorylated sig-
nal transducer and activator of transcription 3 (STAT3). The optimal doses of everolimus, MK-2206, and ibrutinib were observed to
be 200, 320, and 2000 nM, respectively. The PD-L1 and CD155 mRNA expression was significantly decreased following the treatment
with everolimus and ibrutinib, but not with MK-2206. There were no differences in Gal-9 expression between the single-treated
and control groups; however, combined treatment with everolimus and ibrutinib increased its mRNA expression. Everolimus and
ibrutinib both inhibited constitutive STAT3 phosphorylation in MCF-7, which was more pronounced in combination treatment. The
findings regarding the modulation of PD-L1, CD155, and Gal-9 molecules by SMIs emphasize the crosstalk between the expression of
these immune checkpoint molecules and AKT/mTOR/BTK signaling pathways through STAT3 as a critical transcription factor.
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1. Background

Although conventional cancer treatment strategies,
such as surgery, chemotherapy, and radiotherapy, have
demonstrated promising efficacy, their nonspecific activ-
ities and adverse side effects on both normal and tumor
cells remain controversial (1). The blockade of signal-
ing pathways with small-molecule inhibitors (SMIs) has
represented a novel promising strategy for cancer treat-
ment. Small molecule drugs are much smaller than mon-
oclonal antibodies (mAbs) and can easily target extracel-
lular molecules, cell surface ligand-binding receptors, and
intracellular proteins (2). The SMIs are simple to use and
can be utilized in conjunction with other therapies, such
as chemotherapy, radiotherapy, immunotherapy, ribonu-
cleic acid (RNA) interference molecules, and chemical-
biology probes (2). Various SMIs have been currently inves-
tigated in clinical trials for hematopoietic and solid malig-
nancies (3, 4).

In breast cancer, increasing evidence suggests that
tumor-intrinsic signaling pathways regulate the immuno-
suppressive microenvironment and tumor immune es-
cape (5). The phosphoinositide 3-kinase (PI3K)/protein
kinase B (also known as AKT)/mammalian target of ra-
pamycin (mTOR) signaling cascade is one of the most
well-characterized signaling networks in normal and tu-
mor cells (1). This network regulates cell fate by control-
ling the cell cycle, proliferation, glucose metabolism, and
protein synthesis (3). Additionally, this pathway serves
as a focal point of convergence for various other onco-
genic activating signals. The constitutive activation of
the PI3K/AKT/mTOR pathway is necessary for breast tu-
morigenesis (6, 7). Previous research has indicated that
the PI3K/AKT/mTOR pathway is hyperactive in hormone
receptor-positive breast cancers (8-11). Furthermore, Bru-
ton’s tyrosine kinase (BTK) is a critical mediator associated
with the PI3K/AKT/mTOR pathway that inhibits cancer cells
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from apoptosis in patients with breast cancer (12, 13). More-
over, it has been reported that there is a correlation be-
tween the immune evasion of cancer cells and the overac-
tivation of this pathway (14).

Among the numerous mechanisms involved in the
suppression of immune responses and surveillance of can-
cer cells, the expression of programmed death-ligand 1 (PD-
L1) is modulated via the PI3K/AKT/mTOR and BTK signaling
pathways. The PD-L1 plays a critical role in various cancer
types, including chronic lymphocytic leukemia and lung
carcinoma (15, 16). This immune checkpoint ligand is ex-
pressed on immune cells and different cancerous cells, in-
cluding those detected in estrogen-positive breast cancers
(17). The expression of PD-L1 as an immune evasion marker
is regulated by PI3K/AKT/mTOR signaling elements or BTK-
dependent signals. It is well established that the interac-
tion between PD-L1 and its receptor PD-1 regulates the ex-
haustion of chronically stimulated T cells (18). Along with
PD-L1, cluster of differentiation 155 (CD155) is another im-
mune checkpoint ligand that is used as an immunomod-
ulatory marker in hormone receptor-positive breast can-
cers (19). As with PD-L1, CD155 is highly expressed in can-
cer cells in the tumor microenvironment (20), and it has
been found that its expression is induced through the sig-
nals sent by the AKT/mTOR cascade.

Furthermore, galectin-9 (Gal-9) is an immunoregu-
latory ligand that interacts with T-cell immunoglobulin
mucin-3 (TIM-3) (5). The TIM-3 is a surface immune check-
point protein that is considered a key molecule attributed
to the dysfunctional state of T cells and the induction of
immunological tolerance (21-23). It is well established that
impaired natural killer (NK) and T-cell responses and tu-
mor progression occur due to the engagement of immune
checkpoint molecules to their associated receptors on T
cells (24, 25).

Dysregulated signaling pathways, such as AKT-mTOR
and BTK, are activated in breast cancer. Additionally, it is
critical to recognize that immune checkpoint ligand ex-
pression regulation is highly complicated and highly de-
pendent on the state of underlying signaling pathways. In-
triguingly, most studies in this field focus on PD-L1 expres-
sion, with relatively limited attention paid to other check-
point ligands, such as Gal-9 and CD155.

2. Objectives

Given the success of SMI-targeted therapy and immune
checkpoint blocking strategy in breast cancers, this study
investigated the associations between three SMIs and the
immune evasion mechanisms of breast cancer cells.

3. Methods

3.1. Cell Culture

The human breast cancer cell line MCF-7 (NCBI code:
C135) was obtained from the Iranian National Cell Bank and
used in this study as a model of breast cancer. The cells
were cultured in RPMI 1640 medium (Biowest, USA) sup-
plemented with 10% heat-inactivated fetal bovine serum
(Biowest, USA), 100 IU/mL penicillin (Biowest, USA), and 100
µg/mL streptomycin (Biowest, USA). The cells were incu-
bated at 37°C in a humidified incubator containing 5% CO2

(Binder, Germany).

3.2. Half Maximal Inhibitory Concentration Determination of
Small-Molecule Inhibitors

Three SMIs, including everolimus (mTOR inhibitor),
MK-2206 (AKT inhibitor), and ibrutinib (BTK inhibitor),
were applied in this study (Cayman, USA). These chemi-
cal reagents were dissolved in dimethyl sulfoxide (DMSO)
(Merck, Germany), and aliquots were frozen. The MCF-7
cells were seeded in 96-well culture plates (SPL, South Ko-
rea) in a 200 µL fully supplemented medium in the pres-
ence of various drugs at concentrations ranging from 16
to 8192 nM and incubated for 48 hours to determine the
half-maximal inhibitory concentration (IC50) values for all
SMIs. Subsequently, each well was filled with 20 µL of
freshly prepared 5 mg/mL of MTT solution (Sigma-Aldrich,
USA) and incubated at 37 °C for 4 hours. Following incuba-
tion, the medium was carefully removed, and the reduced
formazan crystals were dissolved in 150 µL DMSO by in-
cubating at 37°C for 30 minutes in the dark. Optical den-
sity (OD) values were measured at 570 and 630 nm using
an enzyme-linked immunosorbent assay plate reader (Syn-
ergy H1 BioTek, USA). All the experiments were performed
in triplicates. The relative cell proliferation was calculated
by dividing the mean OD values of each group by the OD
values obtained from the control group.

3.3. Western Blot Analysis

For the determination of whether the selected SMIs
affect signal transducer and activator of transcription
3 (STAT3)-Ser727 phosphorylation, exponentially growing
cells were treated for 48 hours with an optimized con-
centration of SMIs and lysed to prepare protein extracts.
The cells were homogenized for 30 minutes in ice in a
RIPA buffer (Santa Cruz Biotechnology, USA) containing
150 mM NaCl, 1% NP-40, 50 mM Tris-HCl (pH 7.4), 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS),
protease inhibitor 1:50, and phenylmethylsulfonyl fluo-
ride 1: 100, sodium orthovanadate 1: 100, and phosphatase
inhibitor cocktail (Sigma-Aldrich, USA). After centrifuga-
tion at 10000 g for 10 minutes at 4°C, the protein samples
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were collected, and supernatants were stored at -80°C. The
lysate was electrophoresed in a 10% SDS-polyacrylamide
gel to separate the protein mixtures (Bio-Rad, UK) and
then blotted onto a polyvinylidene difluoride membrane
(Merck Millipore, Germany). For blocking, the membrane
was dissolved in 4% bovine serum albumin (Sigma-Aldrich,
USA) in Tris-buffered saline containing 0.05% Tween-20
(TBST) at 4°C for 45 minutes. After three washes with TBST
washing buffer, the membranes were incubated overnight
at 4°C with a specific rabbit anti-human phosphorylated
STAT3 (p-STAT3) antibody (Cell Signaling, USA). Then, incu-
bation was performed with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit secondary antibody (Sigma-
Aldrich, USA) at room temperature for 1 hour. For semi-
quantitative analysis, a mouse antibody to β-actin (Santa-
Cruz, USA) was used as internal control with an appro-
priate secondary HRP-conjugated goat anti-mouse anti-
body (Sigma-Aldrich, USA). Finally, antigen-antibody in-
teractions were detected with enhanced chemilumines-
cence reagent according to the manufacturer’s specifica-
tions (ELC kit: CytoMatin Gene, Iran) and analyzed using
the G: BOX Chemi XRQ system (Syngene, USA).

3.4. RNA Isolation and cDNA Synthesis

Following the MCF-7 cell line culture with various
drugs, total RNA was isolated using the RNeasy kit (Cin-
naGen, Iran) according to the manufacturer’s instruc-
tions. The quality of the extracted RNA was confirmed
by a nanospectrophotometer (WPA, England) and elec-
trophoresis (Bio-Rad, UK). Complementary deoxyribonu-
cleic acid (cDNA) was reverse-transcribed from 1 µg of to-
tal RNA using a Thermo Scientific RevertAid First-Strand
cDNA synthesis kit (Thermo Scientific, USA) in a 20 µL re-
action mixture containing 1 µL random hexamer primer,
2 µL deoxyribonucleotide triphosphate mix 10 mM, 4 µL
of 5x reaction buffer, 1 µL ribonuclease (RNase) inhibitor,
200-unit RevertAid MMuLV reverse transcriptase enzyme,
and appropriate RNase/deoxyribonuclease free water. The
mixture was then incubated at 25°C for 5 minutes, 42°C for
1 hour, and 70°C for 5 minutes.

3.5. Quantitative Real-time Polymerase Chain Reaction

A real-time PCR was performed using a Thermo Scien-
tific Maxima SYBR Green/ROX qPCR Master Mix (Thermo
Scientific, USA) reagent in an ABI Step-One Real-time PCR
platform (ABI system, USA) with the following primers: (1)
β-actin, forward: CCT TCC TGG GCA TGG AGT CCT; reverse:
TGG GTG CCA GGG CAG TGA T; (2) PD-L1, forward: CTA TGG
TGG TGC CGA CTA CAA, reverse: CTG CTT GTC CAG ATG ACT
TCG

Gal-9, forward: CAG TGC TCA GAG TTC CAC A; reverse:
TGA GGC AGT GAG CTT CAC AC; (3) CD155, forward: GGA CGG

CAA GAA TGT GAC, reverse: CCA GTT GTT ATC ATA GCC AGA
G.

The PCR reactions were amplified at 95°C for 5 minutes
as initial denaturation, followed by 40 cycles at 94°C for 30
seconds, 57°C (β-actin), 61°C (PD-L1), 59°C (Gal-9), and 59°C
(CD155) for 30 seconds, and extension at 72°C for 30 sec-
onds. The PCR amplicon sizes were 174, 159, 118, and 124 bp
for β-actin, PD-L1, Gal-9, and CD155, respectively. Each run
was completed with a melting curve analysis to confirm
the specificity of the amplification curves and the absence
of primer dimers. The relative messenger ribonucleic acid
(mRNA) levels were determined by normalizing the target
gene’s fluorescence data to the housekeeping geneβ-actin
(2–∆∆Ct).

3.6. Statistical Analysis

GraphPad Prism software (version 8.0) was used to
conduct statistical analyses and create graphs. Quantita-
tive data are expressed as mean±standard deviation. The
Kolmogorov-Smirnov test was employed to determine the
normality of the distribution of the obtained data, fol-
lowed by one-way analysis of variance and Dunnett’s test
for multiple comparisons. P-values of less than 0.05 were
considered statistically significant.

4. Results

4.1. Prevention of Proliferation of MCF-7 Cells by AKT/mTOR and
BTK Signaling Pathway Inhibitors

The effects of AKT/mTOR and BTK signaling pathway in-
hibitors on growth inhibition were surveyed in the MCF-
7 cells. Initially, an MTT assay was used to determine the
IC50 values of everolimus, MK-2206, and ibrutinib on MCF-
7 cells after 48 hours of exposure to increasing concentra-
tions from 16 to 8192 nM. Based on the IC50 results ob-
tained from the MTT assay, MCF-7 proliferation was dose-
dependently inhibited in comparison to the control group.
The optimal doses of everolimus, MK-2206, and ibrutinib
were observed to be 200, 320, and 2000 nM, respectively
(Figure 1).

4.2. mRNA Expression Profiles of Immune Checkpoint Ligands
following Exposure to AKT/mTOR and BTK Inhibitors in MCF-7
Cells

To better understand the molecular events underly-
ing immune evasion in breast cancer cells, the effects of
AKT/mTOR and BTK inhibitors were evaluated on the mRNA
expression of immune checkpoint ligands PD-L1, CD155,
and Gal-9 in MCF-7 cells. The obtained data of the present
study demonstrated that PD-L1 and CD155 mRNA levels
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Figure 1. Half maximal inhibitory concentration (IC50) values of everolimus, MK-2206, and Ibrutinib on MCF-7 Cells. The MCF-7 cells (1× 104 cells/well) were plated into 96-well
culture plates and treated with increasing concentrations of A, everolimus; B, MK-2206; and C, ibrutinib for 48 hours. The data are shown as the mean ± standard deviation
in triplicate. Untreated wells were used as controls.

were significantly decreased in MCF-7 cells following a sin-
gle treatment with everolimus and ibrutinib, but not with
MK-2206 (Figure 2A and B). Intriguingly, PD-L1 and CD155
mRNA expression was significantly decreased following
combination blockade with two or three drugs (P < 0.001
and P < 0.0001, respectively; Figure 2A and B). In con-
trast to the findings of PD-L1 and CD155, the results indi-
cated no difference in the mRNA expression of Gal-9 be-
tween single-treated groups and controls. Cotreatment
with everolimus and ibrutinib in the presence or absence
of MK-2206 increased Gal-9 mRNA expression in cultured
cells (P < 0.0001; Figure 2C).

4.3. Protein Expression of Phosphorylated STAT3 following Expo-
sure to AKT/mTOR and BTK Inhibitors in MCF-7 Cells

For the investigation of the intracellular signaling
pathways involved in breast cancer cells’ immune evasion,
this study used a western blot assay to determine the ef-

fects of AKT/mTOR and BTK inhibitors on the protein ex-
pression of p-STAT3 in MCF-7 cells. As illustrated in Figure
3, a single treatment with all three drugs resulted in a sig-
nificant decrease in the level of Ser727-p-STAT3; however,
only everolimus had a significant effect. As expected, the
level of Ser727-p- STAT3 was decreased following combina-
tion treatment with two or three drugs (Figure 3).

4.4. Correlation Analysis of Immune Checkpoint Ligand Expres-
sion and Phosphorylated STAT3 in MCF-7 Cells following Incuba-
tion with AKT/mTOR and BTK Inhibitors

After measuring the mRNA expression of immune
checkpoint ligands and the protein expression of p-STAT3,
the obtained data were analyzed to find any correlations
between the mRNA expression of PD-L1, CD155, and Gal-9
and the protein levels of p-STAT3 in MCF-7 cells treated with
everolimus, MK-2206, and ibrutinib. The obtained data re-
flected a positive correlation between the expression of PD-
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Figure 2. A, Programmed death-ligand 1 (PD-L1); B, CD155; and C, galectin-9 (Gal-9) mRNA expression profile of MCF-7 cells treated with an optimized concentration of
everolimus, MK-2206, and ibrutinib. Relative transcript levels (fold change) of the represented checkpoint ligands are represented as 2-∆∆Ct after normalization with β-
actin as an internal control. Bars represent the mean ± standard deviation of three independent experiments (* P < 0.01, ** P < 0.001, *** P < 0.0001).
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Figure 3. Effects of everolimus, MK-2206, and ibrutinib on the phosphorylation of signal transducer and activator of transcription 3 (STAT3). Western blot analysis was applied
to detect phosphorylated STAT3 (p-STAT3) expression in MCF-7 cells following treatment with the indicated small-molecule inhibitors. The expression levels of p-ser727-STAT3
were normalized to the levels of β-actin protein expression. Untreated cells were used as negative controls. Bars represent the mean ± standard deviation of three indepen-
dent experiments (* P < 0.01, ** P < 0.001, *** P < 0.0001).

L1 and CD155 in MCF-7 cells and the levels of p-STAT3 (Fig-
ure 4A - D). However, Gal-9 expression was negatively cor-
related with p-STAT3 protein expression (Figure 4E and F).

5. Discussion

For the circumvention of the limitations of conven-
tional cancer therapies, researchers are constantly search-
ing for new molecular targets capable of selectively killing
cancer cells. Small molecule agents and mAbs are con-
sidered the two major molecular targeting-related cancer
therapy approaches currently used in clinical practice (26).
Understanding the mechanisms underlying immune eva-
sion mediated by tumor-intrinsic signals might help iden-
tify the new therapeutic strategies for optimizing cancer
immunotherapy. The upregulation of immune checkpoint
molecules on immune cells and their corresponding lig-

ands on tumor cells is a critical mechanism for tumor
cells to evade the host immune response (17, 20, 27, 28).
These interactions result in the functional impairment of
all immune cells, particularly T- and NK cell responses, ulti-
mately allowing the tumor to escape the host immune sys-
tem.

The present study examined the relationship between
AKT/mTOR/BTK signaling pathways and the expression reg-
ulation of PD-L1, CD155, and Gal-9 immune checkpoint
molecules following the treatment with three SMIs as
mTOR, AKT, and BTK inhibitors. Previous studies have in-
dicated that the AKT-mTOR pathway regulates PD-L1 expres-
sion in nonsmall cell lung cancer (15); the BTK pathway reg-
ulates PD-L1 expression in chronic lymphocytic leukemia
patients via STAT3 (16); mitogen-activated protein kinase
signaling pathways also regulate PD-L1 expression in lung
adenocarcinoma (29). Mansour et al. demonstrated that
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Figure 4. Correlation analysis of programmed death-ligand 1 (PD-L1), CD155, and galectin-9 (Gal-9) mRNA expression with protein expression of phosphorylated signal trans-
ducer and activator of transcription 3 (p-STAT3) in MCF-7 cells treated with everolimus, MK-2206, and ibrutinib. The PD-L1 and CD155 mRNA expression was positively correlated
with p-STAT3 protein expression in MCF-7 cells treated by A, everolimus and ibrutinib; or B, everolimus, ibrutinib, and MK-2206. However, Gal-9 expression was negatively corre-
lated with p-STAT3 expression in the same treatment (A and B). Real-time polymerase chain reaction and Western blot methods were performed to evaluate mRNA and protein
expression, respectively.
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the Notch and PI3K/AKT pathways promote PD-L1 expres-
sion in breast cancer stem cells (30). Several studies have
shown that Raf-MEK-ERK-AP1 regulates CD155 expression
in tumors via AP-2, nuclear respiratory factor, and sonic
hedgehog (31, 32). Another study reported that ibrutinib
inhibits cytokine production and PD-L1 expression result-
ing in decreased tumor vasculature density (33).

It has been recently demonstrated in human and
mouse leukemia cells that the inhibition of intracytoplas-
mic signaling pathways by various SMIs interferes with
the immune escape mechanisms of cancerous cells by the
modulation of the immune checkpoint molecules (34, 35).
This study showed that inhibiting mTOR and BTK, either
alone or in combination, decreased the expression of PD-
L1 and CD155 but did not affect their expression when an
AKT inhibitor was used. This could be due to the compen-
satory signals produced by other tyrosine kinases, such as
PI3k, mTOR, or BTK, when continuous AKT activation is in-
hibited. Concerning Gal-9, it has been demonstrated that
the overexpression of this molecule reduces the spread of
cancerous breast cells (36). Gal-9 can prevent metastasis
by blocking CD44 attachment to hyaluronic acid. Another
study found a positive correlation between increased Gal-
9 expression and decreased metastasis in breast cancer pa-
tients (37).

The findings of the present study showed that the com-
bined inhibition of mTOR and BTK pathways increased
the level of Gal-9 mRNA expression. Therefore, the inhibi-
tion of mTOR and BTK pathways can reduce breast cancer
metastasis through the upregulation of Gal-9. The simulta-
neous inhibition of mTOR, AKT, and BTK showed the same
result, as expected. The aforementioned findings demon-
strate that the inhibition of mTOR, AKT, or BTK alone or
in combination exhibits various effects on immune escape
mechanisms.

In this study, the antiproliferative activity of
everolimus, MK-2206, and ibrutinib was determined
by measuring their relative IC50 values. Compared to
the 200 nM IC50 value obtained in the current study for
everolimus in MCF-7 cells, Leung et al. reported IC50 values
of > 100 nM for two sublines of MCF-7 cells, TamC3 and
TamR3 (38). In another study, the IC50 values for everolimus
were reported as > 50 nM in low glucose and 29 nM in
high glucose conditions in MCF-7 cells (39). Although the
calculated IC50 value for ibrutinib was obtained at 2000
nM in the present study, the IC50 value of ibrutinib was
indicated at 6400 nM in MCF-7 cells in another study (40).
Surprisingly, an IC50 of 30 nM has also been reported for
ibrutinib in the MCF-7 cell line, which is much lower than
those of the present study and the aforementioned study
(41). Regarding MK-2206, previous studies on MCF-7 and
BRCA1-deficient breast cancer cells reported IC50 values of

< 500 nM and 1250 nM, respectively (42, 43). Similarly, the
IC50 of MK-2206 in the current study was obtained at 320
nM. The observed variations in the IC50 values in different
studies can be related to the various types of assays and
conditions leading to diverse results.

The STAT3 was identified as a critical mediator of
cancer SMI therapy for modulating immune checkpoint
molecules via these cancer-related signaling pathways.
This study examined STAT3 autophosphorylation to deter-
mine whether STAT3 activation is associated with PD-L1,
CD155, and Gal-9 transcription. The results indicated a
significant decrease in p-STAT3 expression in MCF-7 cells
treated with everolimus and ibrutinib alone or in combi-
nation, which was positively correlated with the expres-
sion of PD-L1 and CD155, but inversely associated with Gal-
9 expression. Furthermore, other studies demonstrated
that STAT3 regulates PD-L1 expression in tumor cells, allow-
ing them to evade immune surveillance (44-46). Moreover,
ibrutinib was shown to inhibit the STAT3 pathway in hu-
man glioblastoma (47). The aforementioned findings em-
phasize the critical role of the STAT3 transcription factor
in the expression regulation of checkpoint ligands and the
immune evasion of breast cancer cells.

In addition, previous research has shown that the sus-
tained activation of STAT3 in the nucleus directly modu-
lates the actions of nuclear factor kappa B (NF-κB). When
STAT3 is phosphorylated at Tyr705 in the nucleus, the con-
nection between STAT3 and NF-κB is strengthened (48). The
STAT3/NF-κB signaling pathway is involved in tumor an-
giogenesis and invasiveness, and both NF-κB and STAT3
have been implicated in cancer cell invasion, metastasis,
angiogenesis, and immune evasion (49). Ibrutinib was re-
ported to significantly inhibit Janus kinase/STAT signaling
and mitigate the effects of CpG stimulation on NF-κB sig-
naling (50). Additionally, ibrutinib enhances the efficacy
of bortezomib in primary tissues by inhibiting the BTK/NF-
κB p65 signaling axis (51). On the other hand, BP-1-102, a
STAT3 inhibitor, was shown to inhibit NF-κB activity, prob-
ably by influencing the crosstalk between STAT3 and NF-κB
(52). Notably, it has been demonstrated that NF-κB regu-
lates PD-L1 expression in cancer cells, which was associated
with strong crosstalk between STAT3 and NF-κB (53, 54). In
this regard, the effects of applied SMIs on STAT3 expression
in the current study might inhibit NF-kB activity, thereby
decreasing the expression of immune checkpoint ligands.

5.1. Conclusion

Overall, AKT/mTOR and BTK signaling pathways are not
only involved in cancer cell proliferation, tumorigenesis,
and clinical progression but also regulate the escape of tu-
mors from immunological surveillance and anticancer im-
mune responses. Since AKT/mTOR and BTK pathways reg-
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ulate immune checkpoint expression, the pharmacolog-
ical inhibition of these cascades in cancers will be more
advantageous due to the inhibition of tumor growth and
blockade of immune evasion activity mediated by intrinsic
signals. On the other hand, because AKT/mTOR, BTK, and
other signaling pathways are required for normal antitu-
mor immunity, the therapeutic inhibition of these path-
ways should be as selective as possible in targeting cancer
cells while having minimal adverse effects on the host im-
mune system. Combinational therapy approaches that in-
terfere with immune escape mechanisms might represent
a novel and promising therapeutic strategy for patients
with breast cancer.
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