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Introduction
Breast cancer (BC) is currently the most prevalent cancer 
worldwide, based on the GLOBOCAN 2020 Report.1 Due 
to the high mortality rates from breast cancer (685 000 

deaths in 2020), it has become the leading cause of cancer 
death among women. Chemoresistance is one of the main 
challenges in BC treatment. Chemoresistance develops in 
BC through multiple mechanisms that are not completely 
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Abstract
Introduction: The immunosuppressive context of 
the tumor microenvironment (TME) is a significant 
hurdle in breast cancer (BC) treatment. Combinational 
therapies targeting cancer core signaling pathways 
involved in the induction of TME immunosuppressive 
milieu have emerged as a potent strategy to overcome 
immunosuppression in TME and enhance patient 
therapeutic outcomes. This study presents compelling 
evidence that targeting hypoxia-inducible-factor-1 
alpha (Hif-1α) alongside chemotherapy and immune-
inducing factors leads to substantial anticancer effects 
through modulation of TME. 
Methods: Chitosan (Cs)/Hif-1alpha siRNA nano-
complex was synthesized by siRNA adsorption 
methods. Nanoparticles were fully characterized using 
dynamic light scattering and scanning electron microscope. Cs/Hif-1α siRNA cytotoxicity was 
measured by MTT assay. The anticancer effects of the combinational therapy were assessed in 
BALB/c bearing 4T1 tumors. qPCR and western blotting were applied to assess the expression of 
some key genes and proteins involved in the induction of immunosuppression in TME. 
Results: Hif-1α siRNA was successfully loaded in chitosan nanoparticles. Hif-1α siRNA 
nanocomplexes significantly inhibited the expression of Hif-1α. Triple combination therapy 
(Paclitaxel (Ptx) + Imiquimod (Imq) + Cs/Hif-1α siRNA) inhibited tumor growth and 
downregulated cancer progression genes while upregulating cellular-immune-related cytokines. 
Mice without Cs/Hif-1α siRNA treatments revealed fewer cancer inhibitory effects and more TME 
immunosuppressive factors. These results suggest that the inhibition of Hif-1α effects synergize 
with Ptx and Imq to inhibit cancer progression more significantly than other combinational 
treatments.
Conclusion: Combining Hif-1α siRNA with Ptx and Imq is promising as a multimodality 
treatment. It has the potential to attenuate TME inhibitory effects and significantly enhance the 
immune system's ability to combat tumor cell growth, offering an inspiration of hope in the fight 
against BC. 
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elucidated. Mutation of the multidrug resistance gene 
(MDR) upregulation, signaling pathway modification, 
cancer stem cells’ immortality, hypoxia-inducible factor 1α 
(HIF-1α) elevation, and tumor microenvironment (TME) 
are some of the important mechanisms known for the 
development of chemoresistance in BC.2-5 Conventional 
chemotherapy methods usually have multiple severe 
side effects in patients, such as cytotoxicity, which arises 
from the non-selective targeting of actively proliferating 
normal cells in the body, leading to malfunction of normal 
tissues. One of the vital organs affected by the side effects 
of chemotherapy is bone marrow, which is responsible 
for making immune cells and components of the body’s 
immune system.6,7

Paclitaxel (Ptx) is a first-line chemotherapy agent 
widely used for chemotherapy of metastatic BC.8 Ptx 
inhibits tumor progression by inducing programmed 
cell death and immunogenic cell death (ICD) by 
affecting microtubule stability.9,10 Ptx has been shown 
to significantly induce pro-apoptotic Bax and Bad gene 
expression in MCF-7 cells.11,12_ENREF_14 ICD is a 
subtype of apoptosis in which dying cells release some 
Th1-type inflammatory factors, which in turn activate 
dendritic cells, leading to the induction of cell-mediated 
anticancer immune responses.13-15

Tumor microenvironment (TME) is an environment in 
which cancer cells and cancer stem cells (CSCs) reside and 
interact with normal cells, mainly fibroblast and immune 
cells.16,17 CSCs in TME are also found to be important 
in tumorigenesis and progression of cancer due to their 
self-renewing potential.16,18,19 Therefore, manipulation 
of TME by targeting key signaling pathways involved in 
the establishment of TME cellular networks is considered 
a promising approach for the successful treatment of 
cancer. HIF-1α is known to be induced in many types of 
human malignancies and plays a key role in the formation 
of cancer TME.20-22

HIF-1α, a central controller for sensing and adapting 
to cellular oxygen levels, transcriptionally activates 
genes modulating oxygen homeostasis and metabolic 
activation.23 In the hypoxic condition of TME, HIF-1α 
regulates the transcription of hundreds of genes that are 
involved in angiogenesis, metastasis, and proliferation 
of cancer cells.19,24,25 It was shown that inhibition of 
HIF-1α significantly suppressed tumor growth in the 
BALB/c mice bearing prostate cancer by modulating 
the immunosuppressive microenvironment.26,27 Another 
promising strategy for modulating cancer TME is using 
immunomodulatory factors known to induce Th1-
type inflammatory responses. An important group of 
immunomodulatory agents that target toll-like receptors 
(TLR) on dendritic cells (DCs) has been shown to 
modulate cancer TME and induce potent anticancer 
immune responses. TLR ligands have been widely studied 
for activating DCs and anticancer immune responses. 

Recent studies have revealed that members of the 
imidazoquinoline family are recognized independently 
by TLR-7 and TLR-8, activating the signal transduction 
cascade downstream of these receptors.28,29 There is ample 
evidence that Imq treatments increased NK1.1 + cells in 
the TME by upregulating IL-12/IL-6.30-32

Combination therapy (CT), as a multimodality 
treatment that uses two or more therapeutic agents or 
methods, has emerged as a promising approach for 
curing cancer. The synergic efficiency of anticancer 
agents improves the effectiveness of drugs compared 
with mono-therapy methods as they target central genes 
and signaling pathways in a synergistic mode. CT has 
been shown to reduce drug resistance and boost anti-
cancer drug potential, leading to effective inhibition 
of tumor cell proliferation and angiogenesis, lowering 
CSCs proliferation and self-renewal, and induction 
apoptosis.33-36 It has been reported that CT by Ptx and 
Imq induces activation of DCs and secretion of IL-12 and 
TNFα within the suppressed TME in C57BL/6 melanoma 
bearing mice.37 HIF-1α inhibitors and gemcitabine (Gem) 
were used in the Panc02 cancer model of immune-
competent C57BL/6 and nude mice.38 This study reports 
that while immunotherapy with Gem or PX-478 (HIF-
1α inhibitor) significantly suppresses tumor growth, CT 
with Gem and PX-478 resulted in significantly stronger 
inhibitory effects on cancer growth in immune-competent 
and incompetent mice.38

In this study, we investigated the synergistic antitumor 
effects of a new CT using Hif-1α siRNA alongside 
chemoimmunotherapy (Ptx + Imq) in a mouse model 
of breast cancer. This multifaceted approach elicited 
promising levels of anticancer immune responses within 
the TME. Our hypothesis posited that by reshaping the 
TME through Hif-1α inhibition, we could boost the 
therapeutic effectiveness of Ptx and Imq, ultimately 
inhibiting tumor growth in the BC mouse model.

Materials and Methods
Materials
The low molecular weight of Cs (99 % Pure, 114 kDa, 
75% deacetylation, Sigma-Aldrich, Cas: 9012-76-
4), sodium tripolyphosphate (Sigma-Aldrich, CAS: 
7758-29-4), Acetic Acid (Merck, CAS: 64-19-7), three 
types of predesigned 22-mer HIF-1α-specific siRNA 
duplex that supplied by Bioneer Corporation (Korea, 
ID: 15251-1, 15251-2, 15251-3) were used for Cs/Hif-
1α siRNA nano-complex and cell/tumor treatments 
(Table 1). Imq powder was purchased from InvivoGen 
(San Diego, United States). Antibodies for western blot 
were purchased from Santa Cruz Biotechnology (β-actin 
sc-47778, HIF-1α sc-13515, STAT3 sc-8019 Santa Cruz, 
Bax sc-7480, Bcl2 sc-7382, Inf-gamma sc-8423, IL12 sc-
74147, IL10 sc-8438, PDL1 sc-518027). Cell culture Flask 
(APA company, IRAN), RPMI medium (Sigma-Aldrich, 
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Gibco®, MDL: MFCD00217342), Fetal Bovine Serum 
(FBS, Biosera), 0.25% trypsin-EDTA (1X) (BIO-IDEA, 
BI-1602), MTT formazan powder (Sigma-Aldrich, Cas: 
57360-69-7), DMSO (Sigma-Aldrich, Cas: 67-68-5) was 
used for cell culture and viability test. The Chemo drug, 
Ptx (Sigma-Aldrich, CAS: 33069-62-4), was applied for in 
vivo treatment. TRIzol (Sigma-Aldrich, CAS: 15596026) 
for RNA extraction, complementary DNA (cDNA) 
synthesis kit (YTA, Cat: YT4500) for cDNA synthesis, 
and Real-time master mix SYBR green (Amplicon, no-
ROX) was used for real-time PCR method. 4T1 cell line 
(CRL-2539) was purchased from the Pasteur Institute, 
Tehran, Iran. BALB/c mice were purchased from Amol 
Pasteur Institute, Mazandaran, Iran.

Chitosan synthesis based on ionic gelation
Firstly, 1 mg of tripolyphosphate (TPP) dissolved in 1.2 
mL of aqueous solution (0.84 mg/mL), and 6 mg of Cs 
dissolved in 3 mL of 0.1 N acetic acid solution (1 mg/mL). 
TPP was added to Cs solution dropwise under constant 
magnetic stirring for 30 minutes at room temperature 
(chitosan to TPP weight ratio was 6:1). The nanoparticles 
were incubated for 30 minutes at room temperature before 
supplementary analysis. Nanoparticles were collected by 
centrifugation (Labnet Prism R refrigerated centrifuge 
c2500-R) at 12 000 × g for 15 minutes. The supernatants 
were discarded, and nanoparticles were resuspended in 
filtered water.39

siRNA adsorption onto chitosan-TPP nanoparticles 
Pre-prepared Cs nanoparticles prepared by ionic gelation 
as described above were dispersed in distilled water to 
yield a different Cs concentration based on Cs(µg) = 

( ) 3 /
 

   
siRNA µg N P
nmol chitosan per µl

× ×  Formula. N/P ratio (the molar ratio of 
Cs amino groups/RNA phosphate groups) was prepared, 
ranging from 100 to 350. To adsorb siRNA onto the 
surface of Cs nanoparticles, 10 µL (0.026 µg/ µL) of 
siRNA solution was added to the calculated amount of Cs 
suspension and quickly mixed by inverting the interaction 
tube up and down. Then, the particles were incubated for 
two hours at room temperature before further analysis.39,40

Characterization of the chitosan nanoparticles size and 
charge 
The mean particle diameter (Z-average) was analyzed by 

scanning electron microscopy (SEM) and dynamic light 
scattering (DLS) Zetasizer (Malvern instrument, UK), 
and the zeta potential of the nanoparticles was determined 
by dynamic light scattering (DLS). The particle size and 
Zeta potential measurements were made at 25 °C in N/P 
350; no further dilution was performed for these particles. 
Each batch was analyzed in triplicate.

Determination of siRNA loading efficiency
Adsorbed (%) siRNA loading efficiency on chitosan 
nanoparticles was calculated from the concentration 
of free siRNA in the supernatant recovered after 
nanoparticles centrifugation (12 000 × g, 15 minutes) 
by Nanodrop spectrometer (NanoDrop 2000C, USA). 
Unloaded Cs–TPP nanoparticles supernatant (without 
siRNA) was used as a blank. siRNA loading efficiency 
(%) was the percentage of adsorbed or entrapped siRNA 
that came from the total added siRNA in nanoparticle 
preparation mines detected free siRNA in the supernatant 
gathered from nanoparticle-siRNA centrifugation.39 

Gel retardation assay
The siRNA binding with Cs was determined by gel 
retardation assay using 4% agarose gel electrophoresis. 
Different N/P ratios of Cs to siRNA were loaded (100 to 
350). 1:5 dilution of loading dye was added to each well, 
and electrophoresis was carried out at a constant voltage 
of 70 V for 1 hour in TAE buffer (0.04 M Tris, 0.001 M 
EDTA, 0.02 M Acetic Acid, pH 8.3). The siRNA bands 
were then visualized under a UV transilluminator at a 
wavelength of 365 nm.39,41

Cell culture and chitosan toxicity assay on 4T1 cell line
The MTT assay was carried out to study the cytotoxic-
ity of the Cs nanoparticles. 4T1 cells were cultured in 
RPMI medium containing 10% Fetal bovine serum, 
100 U/mL penicillin, and 100 µg/mL streptomycin and 
incubated at 37 °C with 5% CO2 atmosphere and 95% 
humidity. The cells with 90% confluency were collected 
from a culture flask with 0.25% trypsin-EDTA solution. 
The 4T1 cells were seeded at a density of 10 × 103 cells/
well in a 96-well plate (200 µL medium/well). After 
reaching 80% confluence, cells were exposed to varying 
final concentrations of Cs nanoparticles and Cs/HIF-1α 
siRNA ranging from 0.062 nmol to 0.683 nmol for 48 h. 
4T1 cell lines without nanoparticle treatments were used 
as a control group. 

Subsequently, 100 µL (0.5 mg/mL) MTT solution in 
Phosphate-buffer saline (PBS) was added per well, and 
the plate was incubated at 37 °C for four hours in the 
dark.42 Finally, a DMSO reagent replaced the media and 
the relative absorbance was measured at 570 nm using an 
ELISA reader (Mikura Ltd., Horsham, UK).

Table 1. Sequences of mice predesigned HIF-1α siRNA

ID Type Sequences (5'→3')

15251-1
Sense GUGGUUGGGUCUAACACUA

Anti-sense UAGUGUUAGACCCAACCAC

15251-2
Sense CUGAUUGCAUCUCCAUCUU

Anti-sense AAGAUGGAGAUGCAAUCAG

15251-3
Sense CAGUUACGAUUGUGAAGUU

Anti-sense AACUUCACAAUCGUAACUG
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HIF-1α siRNA treatment and in vitro gene expression of 
Hif-1α 
To study the ability of Cs/Hif-1α siRNA nano-complex 
in silencing Hif-1a gene expression, BC cells (200 × 103) 
were seeded on 6-well plates in RPMI media (2000 µL/
well containing 10% FBS and 1% penicillin/streptomycin) 
and incubated at 37 °C in 5% CO2 for Cs/HIF-1α siRNA 
treatment. After 48 hours, the medium was replaced with 
RPMI-1640, FBS-free, antibiotic-free. Then, cells were 
treated with 0.070 nmol (N/P = 350) final concentration 
of Cs containing 0.26 µg siRNA (mixed of three types). 
After 5 hours, the medium was replaced with RPMI-1640 
medium with 10% FBS and 0.05% antibiotics. 44 hours 
later, RNA extraction was done for gene expression 
assay.43 Total RNA isolated by TRIzol reagent from Cs 
and Cs/Hif-1α siRNA treated and untreated cell lines. 
Then, isolated RNA was transcribed to cDNA by a 
cDNA synthases kit according to company protocol 
(YTA). Quantitative real-time PCR (qPCR) was done 
to measure HIF-1α and beta-actin gene expression in 
these cell lines by Amplicon cyber green master mix 
by using the Roche Life science light cycler 96 system. 
These primers TTTGGACACTGGTGGCTCAG (F), 
GAGCTGTGAATGTGCTGTGATC (R) (5'→3') as Hif-
1α primers and GGCGGACTGTTACTGAGCTG (F), 
CGCCTTCACCGTTCCAGTT (R) (5'→3') as Beta actin 
primers were used to real-time PCR. 

Animal studies
Establishment of 4T1 syngeneic mice model 
For an in vivo study of Cs/Hif-1α siRNA nano-complex, 
Cs, and Ptx effects. Five- to eight-week-old female inbreed 
BALB/c mice (body weight = 18g) were purchased from 
Amol Pasteur Institute, Mazandaran, Iran, and were 
maintained in an animal facility in Tabriz Pharmaceutical 
Biotechnology Center. All maintenance and treatment 
procedures were performed based on approved protocols 
and recommendations of the Tabriz Pharmaceutical 
Biotechnology Center. To create a tumor in mice, 106 cells 
(in 100 µL medium) were inoculated into the right flank 
of mice subcutaneously. 12-16 days after implantation of 
cells, injected cells became palpable as a tumor, with size 
variety between 50-100 mm3, then mice were randomly 
allocated to five treatment groups of five. 
In-vivo combinational therapies 
Based on Table 2, 25 mice were divided into five groups, 
and each group received defined therapies for eight days. 
Therapies include (1) PBS, (2) Ptx + Cs/Hif-1α siRNA 
(Double Combinational Therapy (DCT)), (3) Ptx + Imq 
(DCT) (4) Imq + Cs/Hif-1α siRNA (DCT), and (5) 
Ptx + Imq + Cs/Hif-1α siRNA (Triple Combinational 
Therapy (TCT)). The PBS was injected intratumorally (i.t.) 
at a dose of 0.1 ml per mouse daily. Ptx was administered 
intraperitoneally at a dose of 2 mg/kg, Cs/siRNA was 
injected intratumorally at a concentration of 0.070 nmol 

(N/P = 350), and Imq was delivered intratumorally at a 
dose of 1 mg/kg.44,45 Tumors were harvested by tumor-
bearing mice sacrificing. Then, Tumors were dissected, 
photographed, taken, and stored at -70 °C for further 
analysis.

RNA extraction and quantitative real-time PCR 
To calculate and compare gene expression in treated 
tumors, total RNA was isolated from the treated cell 
lines and also tumors by TRIzol reagent and qualified by 
Nanodrop spectrometer (NanoDrop 2000C, USA). 1-5 
ng of isolated RNA was transcribed to cDNA by reverse 
transcriptase PCR kit according to company protocol 
(YTA). 

Table 3 shows targeted gene primer sequences (5' → 
3') that participate in the cancer progression pathway, 
apoptosis, and cytokines involved in the modulation of 
the immune system. The qPCR reaction was performed 
using SYBR Green I master mix (no-ROX) in the qPCR 
thermal cycler (Roche Life Science Light Cycler 96 
system, Germany) to evaluate the relative expression 
level of interested genes. All real-time data was collected 
by comparative gene expression analysis Delta-Delta Ct 
methods.46 The Gapdh gene was used to normalize the 
cycle threshold (Ct) values of the target genes. 

Western blot analysis
To approve real-time results, the protein expression level 
of some genes was analyzed. Tumors were surgically 
removed and lysed by lysis buffer (Tris-HCL 500 µL, 
PH = 8, EDTA 0.003 g, NaCl 0.08 g, Sodium Deoxycholate 
0.025 g, SDS 0.01 g, Protease inhibitor cocktail one 
tablet, Triton (NP40 (1%) 10 µL). Consequently, the 
samples were centrifuged (12 000 rpm, 10 minutes, 4 °C), 
and according to Bradford method protocol (Bio-Rad 
Laboratories, USA), the protein content in the supernatant 
was detected in samples by spectrophotometers. The 
target proteins were separated by using SDS-PAGE gel 
electrophoresis and then moved to the PVDF membrane 
(polyvinylidene difluoride membrane) and were blocked 
with 2% w/v of skim milk and 0.1% v/v of Tween 20 in 
tris buffered saline (TBS) for masking of unspecific 
bands. Specific primary antibodies (β-actin sc-47778, 
HIF-1α sc-13515, STAT3 sc-8019 Santa Cruz, Bax sc-
7480, Bcl2 sc-7382, Inf-gamma sc-8423, IL12 sc-74147, 
IL10 sc-8438, PDL1 sc-518027) were added to the blocked 
PVDF membranes that contained the target proteins and 
were incubated overnight at 4 °C. After washing with 
TBS-T, the membranes were incubated with secondary 
antibodies (IgG-HRP sc-2357, m-IgGκ BP-HRP: sc-
516102 Santa Cruz) for one hour at room temperature. 
The bands related to the target proteins were visualized 
using an enhanced chemiluminescence detection kit (ECL 
advanced reagents composed of non-fat milk and reagent 
A, B) and were measured with Amersham Imager. Lastly, 
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after normalizing the western blot bands using β-actin 
expression as a control, the stains were calculated using 
ImageJ software, version 1.52v.

Statistical analysis
All data in this research were presented as mean ± standard 
deviation and analyzed using GraphPad Prism v.9 
statistical software. Student’s t-test and one-way ANOVA 
tests were used to evaluate the statistical significance 
of differences between groups. Significant data: *** P 
value < 0.0001 high significance, **P value < 0.001 middle 
significance, *P value < 0.01 low significance.

Results 
Fabrication and characterization of Cs
The mean diameter of synthesis Cs was reported to be 
220 nm, and the zeta potential was 32 m.v by DLS. siRNA 
adsorption onto the surface of the Cs/TPP nanostructure 
reduced the zeta potential to 15 m.v (Fig. 1a). The SEM 
image reveals the proper morphology and size of Cs, 
measuring approximately 50-200 nm (Fig. 1b). To find 
the appropriate ratio of the N/P reaching the maximum 
encapsulation, the gel retardation assay with Cs/Hif-1α 
siRNA nano-complex at the different ratios of N/P (100 to 
350) was performed. The results indicated that complete 
complexation was verified on an N/P ratio of 350, 
corresponding to the Cs-to-siRNA ratio of 84 (Fig. 1c). 
Approximately 60% loading efficiency was obtained as 
measured by Nanodrop for adsorbed siRNA at a weight 
ratio of Cs/siRNA 84:1 (Fig. 1d).

Cytotoxicity study of the chitosan nanoparticles and 
gene silencing effects of chitosan/Hif-1α siRNA
The MTT assay was done to evaluate the cytotoxicity 
of the Cs nanoparticle and Cs/siRNA complex against 
the 4T1 cell line. The results revealed that Cs exhibited 
minimal toxicity at low doses ranging from 0.062 nmol 
to 0.186 nmol. However, at doses exceeding 0.1995 nmol, 
cells demonstrated an intolerance to Cs concentration, 
resulting in cell death within 48 hours. Based on Graph 
Pad Prism v.9 analysis, the inhibitory concentration 
(IC50) of Cs (red line) was about 0.1995 nmol, resulting 
in a 50% reduction in 4T1 cell viability. The inhibitory 
concentration of Cs/Hif-1α siRNA was found to be about 
0.2586 nmol (P < 0.0001), totally significant compared 
with Cs. Thus, 0.070 nmol was selected for HIF-1α siRNA 
loading and cells/tumor treatments, which was a safe 
concentration of Cs (Fig. 2a). 

Gene silencing efficacy of Cs/Hif-1α siRNA nano-
complex was first evaluated in the cell culture. The 4T1 
cells were incubated for 48 h by Cs/Hif-1α siRNA nano-
complex 0.070 nmol of Cs concentration. Next, gene 
expression was analyzed by qPCR. It was found that Cs/
Hif-1α siRNA nano-complex has an inhibitory effect on 
Hif-1α gene expression in the 4T1 cell line and reduced 
Hif-1α expression by 50% compared to the control group 
(P < 0.0001) (Fig. 2b). To confirm the silencing effects of 
the Hif-1α siRNA on the Hif-1α gene, the cell line was 
treated with Cs nanostructure alone. The results indicated 
no significant differences in Hif-1α gene expression 
between the control and Cs-treated cell lines (Fig. 2b).

Table 2. Twenty-five mice were divided into five groups of five 

Group Therapy Description

1 PBS This group received PBS every day (Control group).

2 Ptx + Cs/Hif-1α siRNA This group received Ptx on days 1, 3, 5, and 7 and Cs/Hif-1α siRNA on days 2, 4, 6, and 8. 

3 Ptx + Imq This group received Ptx on days 1, 3, 5, and 7 and Imq on days 2, 4, 6, and 8. 

4 Imq + Cs/Hif-1α siRNA This group received Imq on days 1, 3, 5, and 7 and Cs/Hif-1α siRNA on days 2, 4, 6, and 8. 

5 Ptx + Imq + Cs/Hif-1α siRNA This group received Ptx on days 1, 3, 5, and 7 and Imq + Cs/Hif-1α siRNA on days 2, 4, 6, and 8.

Each group received the defined therapies.

Table 3. Primer sequences (5' → 3') of all interested genes

Primers Forward Reverse Gene ID

1 Bax AGGGTTTCATCCAGGATCGAG TCCACGTCAGCAATCATCCTC 12028

2 Bcl-2 GCCTCTTCACCTTTCAGCATTG TTCCCCGTTGGCATGAGATG 12043

3 Hif-1 alpha TTTGGACACTGGTGGCTCAG GAGCTGTGAATGTGCTGTGATC 15251

4 Il-10 CCTGGGTGAGAAGCTGAAGAC ATGGCCTTGTAGACACCTTGG 16153

5 Il-12 CTATGGTCAGCGTTCCAACAG AGGTGGTTTAGGAGGGCAAG 16159

6 Inf-gamma ACAATGAACGCTACACACTGC CATCCTTTTGCCAGTTCCTCC 15978

7 Pdl1 ATTGTAGTGTCCACGGTCCTC TCGACGATCAGAGGGTTCAAC NM_021893.3

8 Stat-3 AAACCCTCAAGAGCCAAGGAG ACGTACTCCATTGCTGACAAG 20848

9 Βeta-actin GGCGGACTGTTACTGAGCTG CGCCTTCACCGTTCCAGTT NM_007393.5



Rashid et al

BioImpacts. 2025;15:304246

Animal studies
Synergic effects of combination therapy on inhibition of 
tumor growth
The potential of combinational therapy was studied by 
administering Ptx, Imq, and Cs/Hif-1α siRNA according 
to the therapy protocol (Table 2) to syngeneic 4T1 tumor-
bearing BALB/c mice. The eight-day therapy of Ptx, Imq, 
and Cs/Hif-1α siRNA at designated doses according to the 
scheduled treatment was well tolerated by the mice under 
examination. To assess the effect of CTs on tumor growth, 

initially, we surveyed their effectiveness on phenotypes of 
tumors. Figs. 3a and 3b display the inhibitory potential of 
combination treatments on tumor volume and size. While 
the tumor size and volume were significantly increased 
in the PBS (control) group, The TCT and DCT groups 
demonstrated substantial inhibition of tumor growth and 
development (P < 0.0001). By administering Ptx, Imq, 
and Cs/Hif-1α siRNA simultaneously, tumor growth 
was gradually inhibited from day 1 to 8 when compared 
with the control group. TCT, as a complete treatment, 

Fig. 1. Characterization of Nanoparticles size, charge, and siRNA loading potential. (a) Zeta potential graph. The red line describes the zeta potential of 
chitosan/TPP, and the green line shows the Chitosan/TPP/Hif-1α siRNA charge. (b) Scanning electron microscopy image of chitosan. (c) Gel Retardation 
assay. a) 50bp ladder. b) free siRNA. c) N/P = 100. d) N/P = 150. e) N/P = 200. f) N/P = 250. g) N/P = 300. h) N/P = 350. (d) siRNA loading efficiency. (All data 
are presented as the mean ± SD. *P < 0.01, **P < 0.001 and ***P < 0.0001. One-way ANOVA was used to compare the Tests and the control group).

Fig. 2. a) Survival Rate of 4T1 cell line under chitosan (Red line) and chitosan/Hif-1α siRNA (Black line) treatment. 4T1 cell line treated with 0.062, 0.124, 
0.186, 0.310, 0.434, 0.559 and 0.689 nmol of chitosan and chitosan/Hif-1α siRNA for 48 hours. b) Hif-1α expression in the treated cell line. Cs and Cs/Hif-
1α siRNA effects on Hif-1α gene expression on 4T1 cell line (All data are presented as the mean ± SD. *P < 0.01, **P < 0.001 and ***P < 0.0001. One-way 
ANOVA was used to make comparisons between the Tests and the control group).
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effectively inhibited syngeneic 4T1 tumors on BALB/c 
(Fig. 3a) (P < 0.0001). However, complete tumor regression 
was not attained during these therapies. Based on our 
observation, tumor growth was gradually suppressed 
from the first day of the experiment until its conclusion 
and the tumor volume was reduced significantly (Fig. 3b). 
Overall, TCT demonstrated more effective inhibition of 
tumor growth and a more significant reduction in volume 
compared to DCT (P < 0.0001). 

As shown in Fig. 3c, TCT and DCT reduced the 
weight of the tumor in all examined groups. Notably, 
all combinational therapies, such as TCT and DCT, 
significantly decreased tumor weight compared with 
the PBS group (P < 0.0001). In summary, the triple 
combination therapy (Ptx + Imq + Cs/Hif-1α siRNA) 
significantly reduced tumor weight compared to the PBS 
group (P < 0.0001) and all DCT groups (P < 0.0001).

Effects of combinational therapies on cancer apoptosis 
and progression-related genes 
To reveal the molecular mechanisms behind observed 
anticancer effects of proposed combinational treatments, 
we analyzed tumor samples for the expression level of 

critical genes involved in anticancer immune responses 
and cancer progression, and immune-inducing and 
immune-inhibiting cytokines, tumor samples were 
analyzed by qPCR. The efficacy of CT was investigated on 
cell proliferation and cancer progression-related genes. 
Hif-1α and signal transducer and activation of Stat3 plus 
vein endothelial growth factor (VEGF) genes play a crucial 
role in the hypoxic TME. They are involved in numerous 
aspects of tumor progression, such as metastasis, 
angiogenesis, and immune evasion.47,48 Hif-1α and Stat3 
genes were selected as target genes for cancer therapy. In 
this study, Hif-1α as a cancer progression essential gene 
was inhibited by TCT and all DCT treatments significantly 
(P < 0.0001) (Fig. 4a). Further, Stat3 was downregulated 
by Ptx + Imq + Cs/Hif-1α siRNA more significantly than 
DCT (P < 0.0001) (Fig. 4b). 

 In apoptosis-related genes, the pro-apoptotic gene Bax 
showed a significant increase with DCT like Ptx + Imq, 
Imq + Cs/Hif-1α siRNA (P < 0.001) and, significantly 
higher increases with the triple combinational therapy 
Ptx + Imq + Cs/Hif-1α siRNA (P < 0.0001). Interestingly, 
Bcl2, an anti-apoptotic gene, exhibited downregulation 
with Ptx + Imq + Cs/Hif-1α siRNA (P < 0.0001), while 

Fig. 3. Tumor image, size, and weight after combinational therapy. (a) Tumor’s image. After eight days of therapy, all mice were sacrificed under anesthesia. 
Tumors were removed carefully, and the photo was taken immediately. (b) Effects of defined therapies on tumor volume. The first spot (●) of each treatment, 
which is indicated by B-, means tumor volume before treatments, and the second spot (●), means tumor volume after treatments. (c) Tumor weight analysis 
in breast cancer mouse model. Tumors were removed after eight days of therapy and were weighted by precise scale (All data are presented as the 
mean ± SD. *P < 0.01, **P < 0.001 and ***P < 0.0001. One-way ANOVA was used to make comparisons between the Tests and the PBS (control) group).
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DCT showed no significant effects on Bcl2. TCT 
demonstrated effective upregulation of pro-apoptotic 
genes and inhibition of the anti-apoptotic gene. This 
aligns with findings from Yonghong et al, who reported 
that HIF-1α siRNA could induce apoptosis in the BC cell 
line MDA-MB-231 and GC-2 cells by blocking the HIF-
1α (Fig. 4c and Fig. 4d).49,50 

The impact of combinational therapies on antigen-
presenting cells (APC) function and antitumor immunity 
TLR-7 agonists have been considered in cancer therapy 
based on antitumoral activity; TLR-7/8 activation up-
regulated central transcription factor nuclear factor-κβ 
and IL-12, which leads to activation of DCs and production 
of Th1-type proinflammatory cytokines.28 It was reported 
that IL-12 produced by APC, such as DC, inhibited 
tumor development and increased survival of BC patients 
significantly.51 We discovered a significant increase in 
IL-12 levels in the tumors of mice treated with TCT and 
DCT, demonstrating a marked upregulation compared 
to the control group (P < 0.0001) (Fig. 4f). INF-γ, known 
for inducing CD80/CD86 expression and promoting 
immune response, was also upregulated significantly by 
TCT and DCT therapies (P < 0.0001) (Fig. 4e).52,53

Inhibition of Th2 type cytokines following combination 
therapies 
IL-10, as an immune-inhibiting cytokine, affects the 
function of APC by inhibiting the MHC and co-

stimulatory molecules and inducing T-regulatory 
cells.54,55 Malignant cells release IL-10 to generate and 
support tumor progression and development.56 PD-
L1 is expressed by tumor cells as an “adaptive immune 
mechanism” to escape anti-tumor responses.57,58 Based 
on the results of this research, the expression levels of 
IL-10 and PDL-1 were significantly suppressed in treated 
mice, particularly with Ptx + Imq + Cs/Hif-1α siRNA. 
(P < 0.0001) (Fig. 4g, 4h). 

Western blotting analysis 
To confirm qPCR results, western blotting was done 
on HIF-1α, STAT3, BAX, BCL2, IL12, INF-γ, IL10, and 
PDL1. HIF-1α protein expression level significantly 
downregulated by DCT and TCT (P < 0.0001) (Fig. 5b). 
STAT3 protein expression level diminished by TCT 
(P < 0.001), and all DCT had no significant effects on 
STAT3 protein level (Fig. 5c). BAX protein as a pro-
apoptotic element increases by Ptx + Imq, Imq + siRNA, 
and Ptx + Imq + Cs/Hif-1α siRNA significantly 
(P < 0.0001) (Fig. 5d). Also, BCL2 as an anti-apoptotic 
element diminished by Ptx + Imq, Imq + siRNA, and 
Ptx + Imq + Cs/Hif-1α siRNA significantly (P < 0.0001) 
(Fig. 5e). IL12 and INF-γ as an immune inducing factor 
significantly up-regulated by DCT and TCT except 
Ptx + Cs/Hif-1α siRNA (P < 0.0001) (Fig. 5f, 5g). IL10 
and PDL1 as an immune inhibiting element down-
regulated by DCT and TCT except Ptx + Cs/Hif-1α siRNA 
(P < 0.0001) (Fig. 5h, 5i).

Fig. 4. Gene expression analysis by real-time PCR. (a, b) Hif-1α and Stat3 as a progression pathway genes expression level. (c) Bax as a pro-apoptotic 
gene expression level. (d) Bcl-2 as an anti-apoptosis gene expression level. (e, f) Inf-γ and IL12 as an immune-inducing gene expression level. (g, h) IL10 
and Pdl1 as an immune inhibiting genes expression level. (All data are presented as the mean ± SD of the gene expression levels. *P < 0.01, **P < 0.001 and 
***P < 0.0001. One-way ANOVA was used to compare the Tests and the PBS (control) group).
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Discussion 
Cancer-induced immunosuppression in TME and 
multiple drug resistance are two important barriers to 
cancer treatment. The paper provides valuable insights 
into overcoming chemoresistance and cancer induced 
immunosuppression in a BC model by targeting Hif-
1α alongside an ICD inducing chemotherapeutic agent 
(i.e., Ptx) and an immunomodulatory agent (i.e., TLR7) 
which is known as to induce Th1 type inflammatory 
immune response.59 Numerous studies have reported 
robust outcomes for chemoimmunotherapy compared 
to traditional chemotherapy for cancer; however, these 
advancements have not been translated into improved 
therapeutic outcomes for cancer patients. It has been 

substantiated that the immunosuppressive milieu within 
the TME constitutes a primary factor contributing to 
the failure of immunotherapy. Therefore, modifying the 
TME holds promise for enhancing the response rates of 
chemoimmunotherapy.60,61 

In this study, Cs nanoparticles were effectively employed 
for delivering Hif-1α siRNA as an integral component of 
our designed combination therapy. In line with our studies 
several other studies have reported the effective delivery 
of siRNA to cancer cells using Cs nanoparticles. Haliza 
Katas et al. have reported that Cs nanoparticles absorbing 
siRNA (entrapped siRNA between TPP and Cs method) 
could effectively deliver siRNA to target cells.62 Also, 
Justein Malmo et al. blocked genes in the H1299 cell line 

Fig. 5. Western blotting analysis after combinational therapy. (a) western blotting gel β-actin 43kDa as a housekeeping, HIF-1α 130kDa, STAT3 97.86kDa, 
Bax 23kDa, Bcl2 26kDa, Inf-γ 20.25kDa, IL12 70kDa, IL10 20kDa, Pdl1 33kDa. 1) PBS treatments 2) Ptx + Cs/Hif-1α siRNA 3) Ptx + Imq 4) Imq + Cs/Hif-
1α siRNA 5) Ptx + Imq + Cs/Hif-1α siRNA (b) HIF-1α protein expression level. (c) STAT3 protein expression level (d) Bax protein expression level (e) Bcl2 
expression level (f) Inf-γ protein expression level (g) IL12 protein expression level (h) IL10 protein expression level (i) PDl1 protein expression level. (All data 
are presented as the mean ± SD of the protein expression levels. *P < 0.01, **P < 0.001, and ***P < 0.0001. One-way ANOVA was used to make comparisons 
between the Tests and the PBS (control) group).
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(human lung carcinoma) using Cs nanoparticles/siRNA 
strongly efficiently and without toxicity.63 In some other 
studies, PDGF-D and PDFGR-β genes were effectively 
blocked using Cs/siRNA nanoplexes in breast cancer 
mouse model.64 Shaymaa et al. reported that the oncogenic 
microRNA, miRNA-21, was effectively blocked using 
GE11-peptide conjugated small interfering RNA-loaded 
chitosan nanoparticles(GE11-siRNA-CsNPs) in EGFR 
overexpressed triple-negative breast cancer (TNBC).65 
In agreement with previous research and Cs potentials 
to siRNA delivery and low toxicity, we successfully 
blocked the HIF-1α gene expression using Cs/HIF-1α 
siRNA in vitro and in vivo. Consistent with prior research 
highlighting Cs's potential for siRNA delivery and its low 
toxicity profile, we achieved successful inhibition of HIF-
1α gene expression both in vitro and in vivo using Cs/
HIF-1α siRNA. 

Some research has consistently indicated that 
combinational therapy involving Hif-1α targeting can 
reduce drug resistance and improve drug efficacy, thereby 
mitigating tumor cell proliferation and angiogenesis. This 
approach also diminishes cancer stem cell proliferation 
and self-renewal while inducing apoptosis.33-36 It was 
shown that inhibiting HIF-1α by IDF-11774 (HIF-1α 
inhibitor) in K1 and BCPAP thyroid cancer cell line 
significantly decreases tumor cell proliferation and 
migration.66 Also, inhibition of HIF-1α suppressed 
angiogenesis and tumor growth in HCT116 cells and 
colon cancer mouse models.67 Inhibition of Hif-1α 
strongly repressed tumor progression in 4T1 xenograft 
tumor, which was related to the phosphorylation of 
eIF4E regulated by both MAPK and mTOR signaling 
pathways.68 As our data shows, inhibition of HIF-1α 
in combination with Imq and Ptx significantly reduces 
tumor growth by inhibiting HIF-1α (P < 0.0001) and 
STAT3 gene expression levels(P < 0.0001). HIF-1α was 
knocked down by adenovirus-expressing shRNA in the 
HCC cell line by Sung Hoon Chei et al. under hypoxic 
conditions (1% O2, 24h). Interestingly, inhibition of HIF-
1α up-regulated the expression of apoptotic factors while 
downregulating anti-apoptotic factors simultaneously.69 
Targeting Hif-1α has been reported to attenuate PD-L1 
expression on tumor cells and tumor-infiltrating myeloid 
cells, which causes tumor rejection.70 

In this study, we demonstrate that combinational 
therapy of Ptx with Cs/HIF-1α substantially inhibited 
tumor growth by suppressing the expression of HIF-1α 
protein in the 4T1 breast cancer mouse model. Ptx is known 
as a first-line chemotherapeutic drug in BC treatment and 
is commonly used as an immunogenic cell death inducer 
in the clinical treatments of advanced BC.9 Despite the 
notable therapeutic effects of Ptx, the systemic cytotoxicity 
has restricted its application.71 Thus, combining Ptx with 
other therapies has the potential to amplify its therapeutic 
efficacy while mitigating associated side effects. HIF-

1α plays a crucial role in promoting cancer stem cell 
specification and maintenance under hypoxic conditions. 
Furthermore, it contributes to multidrug resistance in 
breast cancer, particularly against Ptx, through various 
mechanisms. Hence, targeting hypoxia represents a 
critical preparatory step prior to Ptx administration.72-75 
Previous studies also indicate that inhibiting Hif-1α 
in conjunction with chemodrug treatment leads to 
synergistic anticancer effects. Additionally, research has 
demonstrated that combining a Hif-1α inhibitor with 
gemcitabine, a first-line chemodrug for pancreatic cancer, 
induces immunogenic cell death (ICD) and augments the 
infiltration of tumor-infiltrating lymphocytes.38,76 It has 
been demonstrated that HIF-1α renders MDA-MB-231 
cells resistant to Ptx-induced apoptosis. Consequently, 
combining Ptx with HIF-1α siRNA therapy initiates the 
apoptosis pathway in MDA-MB-231 cells by modulating 
the expression of genes involved in both pro- and anti-
apoptotic mechanisms in breast cancer cell lines.77 

We observed that incorporating Imq alongside TLR7, 
Ptx, and Cs/HIF-1ɑ yielded more potent inhibitory effects 
on cancer growth compared to combination therapies 
involving only Ptx with Cs or Cs/HIF-1ɑ in the 4T1 
mouse breast cancer model. The therapeutic effects of Imq 
as TLR7 ligand alone or in combination with standard 
conventional therapy have been widely studied in cancer 
therapy. Imq as a TLR7 agonist increases the apoptosis 
index in basal cell carcinoma patients by decreasing the 
Bcl2 gene level. TLR7 agonists were shown to stimulate 
up-regulation of IL12 and INF-γ in TME, resulting in 
strong NK cell activation.78-80 Studies have shown that 
combining Ptx with the TLR agonist Imq induces DC 
proliferation by approximately 250%. Moreover, co-
treatment with paclitaxel and imiquimod enhances the 
secretion of pro-inflammatory and Th1 cytokines in 
DCs.37 In a study by Wenlu Yan et al., it was reported that 
combining Irinotecan, a classic clinical chemotherapy 
agent, with Imq in a CT-26 colorectal cancer mouse 
model promoted dendritic cell (DC) maturation and 
the secretion of pro-inflammatory cytokines.81 Also, 
Imq combination with GEM, induces immune cells 
and establishes strong anticancer activity against 4T1 
breast tumors. Also, it showed that infiltration of Th1 
monocytes increased at the site of cancer cells treated with 
Imq/GEM.82 There is ample evidence that Imq treatments 
increased NK1.1 + cells in the TME by upregulation of IL-
12/IL-6.30,31 Imq treatment in the mouse tumor model led 
to the upregulation of IL-12, which would enhance CD8 + T 
cell immune responses, antitumor effects, and prolonged 
survival in treated mice. Based on Shi-Xing Yang et al., 
IL-12 upregulation enhanced CD4 + /CD8 + T cells, INF-γ 
in TME, while also mediating tumor suppressive effects 
by CD8 + T cells and producing INF-γ by CD8 + cells 
causing apoptosis in cells.83 In line with previous studies 
we found that, combinational therapy of Ptx and Imq 
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significantly increases inflammatory cytokines IL-12 and 
INFγ and down-regulated immune inhibitory cytokines. 
Imq combination therapy with doxorubicin using pH-
sensitive micelle nanoparticles inhibits 4T1 cells based 
xenograft model, showed that IL-12 and INFγ production 
by Imq treatments induces apoptosis in tumor cells and 
suppresses tumor growth.83,84 _ENREF_78It was shown 
that Imq treatments would upregulate Caspase 3, 7, 9, 
and Bad/Bax and downregulate BCL-2 to accelerate 
apoptosis in SCl-1, SCC-13, HaCat, and TRAMP-C2 
cells.85-87 It was confirmed that Imq increases apoptosis 
in BCC/KMC1, AGS, Hela, and B16 cell lines after 24 
hours. Imq remarkably increased the level of CRT on 
the cell surface and the secretion of extracellular ATP.88 
In line with previous reports, our findings show that Imq 
combinational treatments significantly increase apoptosis 
by up-regulating BAX (P < 0.001) and down-regulation 
BCL2 (P < 0.0001) in the 4T1 breast cancer mouse model. 

In agreement with previous research, Within the 
experimental groups, the most robust effects on inhibiting 
tumor growth and modifying the expression levels of 
genes associated with cancer progression were noted in 
mice with cancer who underwent treatment with TCT 
(Ptx + Imq + Cs/Hif-1α siRNA) (P < 0.0001). Our findings 
suggest that TCT exerted its effects by downregulating 
cancer progression and proliferation genes, including Hif-
1α and Stat-3, while simultaneously inducing apoptosis. 
This was achieved through the upregulation of pro-
apoptosis genes and the downregulation of Bcl2. Moreover, 
the TCT regulates the TME by augmenting the release 
of immune-inducing cytokines, specifically INF-γ and 
IL12, while concurrently suppressing immune-inhibiting 
cytokines. Our observations indicate that TCT exhibits 
more pronounced effects compared to DCT within the 
study groups. The elevated levels of Th1 inflammatory 
cytokines observed in tumors treated with TCT create 
a favorable microenvironment for the activation and 
functionality of anticancer immune responses. This 
results in a more robust inhibition of tumors in the TCT 
group compared to other experimental groups, including 
DCT. Furthermore, the downregulation of Hif-1α by Cs/
HIF-1α siRNA can sensitize cancer cells to both direct 
cytotoxic effects of Ptx and indirect killing by anticancer 
immune responses activated by TCT. 

Conclusion 
In summary, the findings of this study suggest that a triple 
combination therapy (TCT) involving an ICD-inducing 
chemotherapeutic agent (Ptx), a TLR7 ligand (Imq), 
and a Hif-1α blocking agent (i.e., Cs/Hif-1α siRNA) is 
a promising approach to modify TME which is a major 
barrier to cancer treatment. The immunosuppressive 
milieu of TME is identified as a primary factor contributing 
to the failure of immunotherapy, emphasizing the need 
for TME alteration to enhance chemoimmunotherapy 

response rates. The synergistic application of Cs/Hif-
1α siRNA nanoparticles in combination with Ptx + Imq 
demonstrated a significantly higher level of cytokines, 
indicative of enhanced immune responses. Moreover, 
the mice treated with the TCT exhibited significantly 
stronger inhibition of tumor growth compared to those 
receiving monotherapy. The study's findings emphasize 
the significant impact of TCT on the TME, suppressing 
tumor growth, modulating the expression of critical genes 
involved in immunosuppression and cancer progression, 
and promoting antitumor immune responses. The study 
provides valuable insights that underscore the significance 
of combination therapies in the quest for more effective 
and tailored cancer treatments.

An important limitation of our study lies in our 
assessment of the anticancer effects of the triple 
combination therapy in a mouse cancer model. Given 
the variances in the components and functions of the 
immune system between mice and humans, the responses 
to combinational therapy may vary between these 
two species. Therefore, we recommend evaluating the 
therapeutic efficacy of the designed combination therapy 
in non-human primates. These primates offer exceptional 
suitability for biomedical research due to their genetic 
and physiological resemblances to humans.
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