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Abstract 

Triple-negative breast cancer (TNBC) is a very aggressive disease and has the worst prognosis 

among the various breast cancer subtypes. The lack of estrogen receptor (ER), progesterone 

receptor (PR), and human epidermal growth factor receptor 2 (HER2) expression disadvantages 

the patients from targeted therapies. The complex and heterogenic biology leads to a high 

incidence of relapse and metastasis that account for 40% of treatment failures. Insufficient drug 

exposure, overactivation of pathways of cancer proliferation, metastasis, DNA damage repair, 

and immunosuppressive tumor microenvironment (TME) contribute to tumor progression. To 

develop new therapeutic approaches for TNBC, our laboratory and others have recently focused 

on targeting the signaling pathways of the cluster of differentiation 44 (CD44), the receptor for 

hyaluronan mediated motility (RHAMM), and Ŭvɓ3 and Ŭvɓ5 integrins that are overexpressed 

on TNBC. In this thesis, oligomer hyaluronic acid (oHA) was explored as a therapeutic agent to 

impede the native HA/CD44/RHAMM axis-mediated cancer progression and metastasis and 

enhance the delivery and efficacy of doxorubicin (DOX). The internalizing cyclic peptide 

(CRGDRGPDC, iRGD) was selected to functionalize polymer-lipid hybrid nanoparticles (PLN) 

that were co-loaded with a synergistic combination of oHA and DOX (iRGD-DOX-oHA-PLN). 
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The new nanoparticle system was successfully developed in aim one and demonstrated to reduce 

metastasis biomarkers and profoundly inhibit tumor growth and metastasis. 

The second aim was to evaluate the effects of iRGD-DOX-oHA-PLN on the oncogenic pathways 

relevant to the RHAMMA and DOX, and their associated chemoresistance, DNA repair and 

immune evasion. The iRGD-DOX-oHA-PLN inhibited biomarkers of DNA-double- and -single 

strand breaks repair pathways of homologous recombination (HR) and base excision repair 

(BER) of poly (ADP-ribose) polymerase (PARP1). It also reduced programmed death-ligand 1 

(PD-L1) expression and secondary metastases to the lungs and liver compared to the PARP 

inhibitor olaparib in BRCA1 mutant and non-mutant TNBC tumor models. The third aim of this 

thesis was to investigate the effect of the iRGD-DOX-oHA-PLN on reversing 

immunosuppression of TME. Results showed increased innate and adaptive anti-tumor immune 

response facilitating the inhibition of the primary tumor growth and distal metastasis. The 

research findings suggest that the iRGD-DOX-oHA-PLN system is a promising multi-targeted 

nanomedicine for TNBC. 
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Chapter 1 Thesis Objectives and Hypotheses 

 Introduction and Rationale 

1.1 Disease background 

1.1.1 Metastatic TNBC (triple-negative breast cancer) challenges  

Triple-negative breast cancer accounts for 15ï20% of all breast cancer (BC) cases. It is 

characterized by the lack of ER, PR, and HER2 receptors, which makes hormonal endocrine 

therapy (e.g., Tamoxifen) and anti-HER2 therapy (Trastuzumab) used for other types of BC 

ineffective.1-3 Therefore, chemotherapy remains the backbone therapeutic option for BC patients 

with systemic metastasis in the neoadjuvant and adjuvant settings.2 The multifaceted metastatic 

process of TNBC is driven by alterations in tumor genetic make-up, resident stromal and 

immune cells, and developed angiogenesis for cancer cells spreading.4 The TNBC cells must 

acquire specific capabilities like motility and extracellular matrix (ECM) remodeling to escape 

from the primary tumor location. This escape is mediated by the epithelial-mesenchymal 

transition (EMT) process by which cells lose their cellïcell adhesions to gain migratory and 

invasive properties and become mesenchymal stem cells.5 Conventional breast cancer treatments 

include surgical excision, radiation therapy, and chemotherapy, with the anthracycline-taxane 

and cyclophosphamide-based regimens commonly prescribed.1, 6 TNBC often responds well to 

chemotherapy in the initial stages of treatment despite its poor prognosis. However, relapses and 

metastases are more frequent in the first five years after therapy completion than in any other 

breast cancer subtype. Even with a positive treatment response, the median overall survival is 

approximately 14-24 months in metastatic settings.7 The secondary organs, such as the lung, 

brain, liver, and bone, tend to be the favored sites of the TNBC metastatic cells.1 Various 

metabolic growth factors and downstream networks control TNBC growth and metastatic 

progression. For example, the vascular endothelial growth factor (VEGF) binds and activates two 

VEGF receptors in TNBC, VEGFR-1 and VEGFR-2, which are more highly expressed than the 

other BC subtypes. These receptors are crucial for angiogenesis and vascular permeability and 

are part of the rationale for developing anti-angiogenic therapies.  
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1.1.2 Potential TNBC Targeted Treatments  

Numerous preclinical and clinical studies have been undertaken to develop targeted therapies 

based on the TNBC-dysregulated signal transduction pathways. Common targeting therapeutics 

that are under investigation for TNBC treatment include PARP inhibitors (PARPi), immune 

checkpoint modulators, inhibitors of receptor tyrosine kinases (RTKs) like epidermal growth 

factor receptor (EGFR), HER2, fibroblast growth factor receptor (FGFR), and VEGFR; or 

intracellular signaling inhibitors such as phosphoinositol 3-kinases (PI3K) or mitogen activated 

protein kinase (MAPK) inhibitors.3, 8 For example, inhibitors of the PI3K (Alpelisib) and its 

downstream signals like protein kinase B (AKT) (Ipatasertib) and mammalian target of 

rapamycin (mTOR) (Everolimus) are clinically used BC drugs since PI3K/AKT/mTOR signaling 

can promote cancer cells proliferation, motility, and metastasis.9  

The scheme below represents the heterogeneous biology of TNBC and a summary of potential 

cellular targets for inhibitors as prospective TNBC therapeutics (Fig.1).10  

 

Figure 1. Signaling pathways and molecular landscape of TNBC presents an understanding into 

novel and investigational targeted therapeutic strategies. Reproduced with permission from the 

publisher.10 
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The United States (US ) Food and Drug Administration (FDA) approved olaparib, a PARP 

inhibitor, for the treatment of BReast CAncer (BRCA) mutated HER2 negative metastatic breast 

cancer and approved atezolizumab, an immune checkpoint antibody against the programmed 

death-ligand 1 (PD-L1) for advanced TNBC expressing PD-L1 in combination with nab-

paclitaxel (Abraxane).11-12 However, despite an effective preliminary response in patients, PARP 

inhibitor resistance occurred, possibly through drug efflux pump upregulation or DNA repair 

restoration.13 Another major issue with the utilization of PARP inhibitors is that they have been 

shown to upregulate PD-L1 in TNBC, making it more resistant to T-cell killing and susceptible 

to tumor-associated immunosuppression, attributable to the activity of glycogen synthase kinase 

3 beta (GSK3ɓ) partially controlled by the PI3K pathway.14  

Moreover, even when these FDA-approved treatments are effective, they are selective for cells 

with the BRCA mutation or PD-L1 expression that represent only a fraction of the TNBC patient 

population, as PD-L1 is expressed in 20% of TNBC BC patients; and only 15-20% of patients 

carry the BRCA mutation.15 The most recent FDA-approved drug is the antibody-drug conjugate 

sacituzumab govitecan (Trodelvy) directed against the human trophoblast cell-surface antigen 2 

(Trop-2), expressed in TNBC tumors, and delivers the topoisomerase inhibitor drug SN-38.16 It 

is recommended for refractory/relapsed metastatic TNBC patients who have failed at least two or 

more other prior therapies. The progression-free survival was 5.6 months for patients treated 

with Trodelvy versus 1.7 months for those treated with conventional chemotherapy, which is 

significant but does not eliminate the urgent need for more effective TNBC treatment. 

Integrin receptors have been proposed as therapeutic targets for TNBC treatment. Integrins are 

heterodimeric transmembrane receptors composed of one Ŭ and one ɓ-subunit and are essential 

for cell-cell and cell-ECM adhesion and interactions17. Because some integrins are overexpressed 

in TNBC, Arginine-Glycine-Aspartic acid (RGD) peptides (the minimum amino acid sequence 

required for integrin binding) have been proposed by several groups as a treatment option to 

inhibit cancer progression. The RGD-peptide mimetic Cilengitide was evaluated in clinical trials 

as a monotherapy to target the Ŭvɓ3 integrins overexpressed on tumor vasculature and invasive 

cancer cells.18 However, the phase 3 clinical trial against glioblastoma was terminated due to the 

lack of efficacy of Cilengitide, which is attributed to the peptides short half-li fe and a lack of 

understanding of this antagonizing effect on the integrin receptors.18 Nevertheless, integrin-
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targeted RGD peptides still present a promising strategy in cancer treatment due to their strong 

affinity to the integrin receptors that could be harnessed for drug delivery applications. 

Chemotherapy is the choice of systemic treatment approach for metastatic cancers, including 

TNBC. However, chemoresistance in cancer cells with activated DNA damage repair 

mechanisms facilitate primary tumor progression, invasion, and metastasis.19-20 The cancer 

signaling networks can be redundant in controlling cell proliferation, survival, and resistance due 

to the reactivation of inhibited signals or activation of alternative paths. The redundant and 

alternative cell signaling and transduction pathways can dampen the treatment efficacy. For 

example, cytotoxic doxorubicin (DOX) generates a high initial response rate in TBNC. Still, 

many challenges arise after treatment, such as drug resistance, recurrence, and metastasis, in 

addition to the off-target toxicity. Thus, effective drug delivery systems with multi-targeted drug 

combinations are necessary to address these challenges and provide safer and more effective 

TNBC treatment. 

The overexpression of cluster of differentiation 44 (CD44) has also been exploited for targeted 

therapeutic delivery to TNBC using oligomeric hyaluronic acid (oHA) as a targeting moiety. 

Native hyaluronic acid (HA) is a major component of the extracellular matrix (ECM) of multiple 

connective tissues to perform multiple cellular functions. In solid tumors, the native HA, with 

MW >1000 kDa, existent in large quantities, promotes tumor proliferation, migration, and 

invasion via interacting with its receptors such as CD44 and receptor for HA mediated motility 

(RHAMM).21-23 These interactions activate the oncogenic and pro-metastatic pathways including 

MAPK/ERK pathway and PI3K-Akt pathway, leading to the activation of downstream proteins 

such as matrix metalloproteinase-9 (MMP-9) and DNA damage repair pathways.22-24 On the 

contrary, HA oligomers (MW < 10 kDa) have been shown to inhibit cancer cell proliferation, 

invasion, and angiogenesis by competitively binding to the native HA receptors and reversing 

their functions.22, 25-28 Also, oHA is reported to activate innate immunity through nuclear factor-

əB (NFəB), potentially reversing the tumors immunosuppression.29  

1.2 Goals of This work 

Nanomedicine could play an integral role in treating metastatic TNBC due to the ease of loading 

synergistic drug combinations into a single nanoparticle system for improved physicochemical 
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properties, biodistribution, pharmacokinetics, and tumor accumulation. Since the tumor 

vasculature and cancer cells produce high levels of the Ŭvɓ3 and Ŭvɓ5 integrins that have a 

strong affinity for the RGD peptides, this research is focused on a novel nanoparticle (NP) 

system formulated for the treatment of primary tumor and prevention of metastatic TNBC. The 

NPs were co-loaded with oHA and DOX, and then functionalized with the iRGD-peptide for 

integrin targeting. The developed iRGD-DOX-oHA-PLN system was examined for: its 

physicochemical properties, the synergistic mechanism of the loaded DOX and oHA through the 

examination of metastasis, DNA repair, and TME immune biomarkers; and for its therapeutic 

efficacy on the primary TNBC tumor and its systemic metastases in three orthotopic tumor 

models: human BRCA1 mutant MDA-MB-436 and BRCA1 non-mutant MDA-MB 231-luc-

D3H2LN xenografts in NRG mice, and murine 4T1-luc TNBC syngeneic mouse model in 

immunocompetent Balb/c mice). 

1.2.1 Hypotheses 

I. The multi-targeted iRGD-DOX-oHA-PLN can inhibit the TNBC tumor growth and lung 

metastasis by the iRGD-increased cellular uptake of DOX and oHA to antagonize the 

native HA-CD44-mediated metastasis by oHA, and enhanced tumor killing by DOX.  

II.  The iRGD-DOX-oHA-PLN outperforms olaparib (an inhibitor of PARP DNA repair 

protein) in inhibiting BRCA1-mutant and non-mutant TNBC progression and metastases 

to lungs and liver by downregulating the HA motility receptor, and DNA damage repair 

proteins without increasing PD-L1 expression.  

III.  The iRGD-DOX-oHA-PLN remodels the immunosuppressive TME to induce an innate 

and adaptive anti-tumor immunity, thus inhibiting tumor growth and metastasis compared 

to free drugs or non-targeted NPs. 

1.2.2 Objectives 

1. To develop the iRGD-DOX-oHA-PLN system and investigate its effects on inhibiting 

TNBC primary tumor progression and lung metastasis in a human TNBC xenograft 

orthotopic breast tumor mouse model.  
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2. To investigate the effects of iRGD-DOX-oHA-PLN on RHAMM expression, DNA 

damage repair response, and PD-L1 expression compared to a PARP1 inhibitor olaparib 

in BRCA1 mutant and non-mutant human TNBC mouse models. 

3. To investigate the effects of iRGD-DOX-oHA-PLN on the tumor immune 

microenvironment (TIME) and the inhibition of TNBC primary tumor growth and 

metastasis using a murine 4T1-luc TNBC syngeneic mouse model. 

1.2.3  Synopses  

Chapter 1 presents an overview of TNBC treatment obstacles and the rationale for the thesis 

objectives, hypotheses, and overall plan.  

Chapter 2 covers background information and a literature review of the fields relevant to the 

scope of this thesis. 

Chapter 3 is a published manuscript describing the development of targeted iRGD-DOX-oHA-

PLN loaded with a synergistic DOX and oHA combination to significantly inhibit the 

progression of lung metastases of TNBC in the human breast cancer MDA-MB-231-luc-

D3H2LN orthotopic mouse model compared to non-targeted nanoparticles and free drug 

combinations with a primary focus on the involvement of the metastasis biomarkers (p-ERK, 

MMP9 and PAI-1) downstream of native HA. The enhanced efficacy is attributed to the 

sensitization effects exerted by nanoparticle delivered oHA on blocking the action of ERK1/2. 

Chapter 4 is a manuscript describing e the effectiveness of the iRGD-DOX-oHA-PLN to 

significantly inhibit the progression of lung and liver metastases in two TNBC orthotopic NRG 

mouse models of MDA-MB-231-luc-D3H2LN and MDA-MB-436 (BRCA1-mutant) compared 

to the DNA-repair inhibitor olaparib. The synergistic role of oHA in sensitizing cancer cells to 

DOX was investigated with a focus on the receptor of HA mediated motility (RHAMM), DNA-

damage repair proteins and PD-L1 expression.  

Chapter 5 is based on the results of manuscript 3. It describes the effect of iRGD-DOX-oHA-

PLN on mechanisms of tumor immunosuppression, tumor growth and inhibition of metastasis in 

an orthotopic 4T1-luc tumor model in immunocompetent Balb/c mice. The iRGD-DOX-oHA-
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PLN increased DOX tumor-accumulation and cancer cell apoptosis. The delivered oHA allowed 

for the TME remodeling through the influx of activated cytotoxic T-cells along with remodeling 

of the immune TME to efýciently prevent TNBC metastasis compared to free drugs or non-

targeted NPs. 

Chapter 6 summarizes the significant research outcomes of the present studies and considers 

future directions this work may take. 
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Chapter 2 Literature Review 

Chapter 2 will cover the following topics: breast cancer with a focus on TNBC, the metastasis 

cascade and models, current TNBC treatment options, the tumor microenvironment (TME) with 

a focus on the hyaluronic acid role in oncogenic signaling, the DNA damage response, the tumor 

immunity and the role of major tumor resident immune cells, and nanomedicine to battle the 

barriers to drug development with a focus on RGD peptides engrafted nanoparticles for active 

tumor targeting. 

 Breast Cancer 

2.1 Triple-negative Breast Cancer (TNBC) 

2.1.1 Epidemiology and Risk Factors  

Breast cancer (BC) is the most common and prevalent invasive cancer in women, according to 

the world health organization (WHO).30 In 2020, there were ~2.3 million women diagnosed with 

breast cancer, and 685,000 reported deaths globally.30-31 In the past two decades, breast cancer 

incidence rates have steadily increased in women by around ~ 0.5% per year.30-31 The risk for 

breast cancer is increased in women with specific genetic alterations, such as the inheritance of 

mutations in the BRCA1/2 susceptibility genes that predispose women to breast and ovarian 

cancer, and are increasingly being recognized as, important factors in prostate and pancreatic 

cancers in men as well.32  In addition, BRCA mutations are closely associated with the basal 

type/TNBC cancers, as 70-90 % of BRCA cancers are considered TNBC.33 

Triple-negative Breast Cancer is a very heterogenic solid tumor with mutations in genes related 

to DNA damage repair, e.g., the loss of function of BRCA1, the presence of the tumor protein 53 

(TP53), and retinoblastoma protein 1 (RB1).34 In addition, tumor heterogeneity is exacerbated 

due to mutation in the metabolomic PI3K/mTOR signaling pathways, the loss of the lipid 

phosphatase PTEN (Phosphatase and Tensin homolog) or INPP4B (Inositol polyphosphate 4-

phosphatase type II)  that regulate cellular processes such as cell proliferation, survival, adhesion 

and motility. 35 This heterogeneity also stems from variations in the level of mutation expression 

of these proteins among different patients, which can render some tumors more resistant to 
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chemotherapy.35-36 Breast cancer incidence and mortality are generally lower in undeveloped 

countries as they are underrepresented in epidemiological and clinical studies due to a lack of 

resources for screening and early detection.37 However, the rise in breast cancer incidence 

worldwide is also attributed to multiple risk factors like a family history of breast cancer or 

inheritance of mutations in BRCA genes or other DNA repair genes that fail to mend damaged 

DNA.38 Other identified BC risk factors include changes related to early and delayed 

menstruation, reproduction ( delayed first birth or fewer children), exogenous hormone intake 

(oral contraceptive use and hormone replacement therapy), nutrition (alcohol intake),  weight 

gain during adult years and increased body fat distribution.39 In contrast, breastfeeding and 

physical activity are seen as protective factors.39 

2.1.2 Pathology  

The breast is both a gland and an organ that is comprised of milk ducts, fat, nerves, lymph and 

blood vasculature, ligaments, and other connective tissue. The ER, PR and HER2 hormone 

expression status can be identified by immunohistochemistry (IHC) techniques and has shown 

there to be an overlap between the TNBC and the basal cell-like breast cancer classification at 

approximately 70-80% based on gene expression profiling.40 The American Cancer Society 

(ACS) relies on the Surveillance, Epidemiology, and End Results Program (SEER) database to 

provide survival statistics for different types of cancer. The 5-year relative survival rates for BC 

in the U.S. are grouped into localized, regional, and distant stages.41 The survival rate is 91% for 

localized BC, where the cancer cells are confined within the breast tissues. The regional survival 

rate is 65% as BC has spread outside the breast to nearby structures or lymph nodes. The distant 

type of  BC  has a 12% survival rate as cancer has spread to distant body parts such as the lungs, 

brain, liver, or bones.41 

At diagnosis in the advanced stage of BC, patients present with a larger size tumor, a higher rate 

of lymph node involvement, have a shorter survival time and are more likely to show metastatic 

disease to distant organs.42 The TNBC form of BC can also be accompanied by a higher risk of 

visceral and central nervous system metastasis.43 Using mammography, the tumor may appear as 

a hyperdense, oval or lobular mass that can be indistinct or have demarcated margins.44 Magnetic 

resonance imaging (MRI) provides the highest sensitivity among all diagnostic imaging 



 

10 

 

modalities. The tumor may be presented as a rim with mass enhancement where intertumoral 

areas have increased T2 signal intensity (aka, transverse relaxation time), which is the time 

constant of the excited proton rate to reach equilibrium or go out of phase with each other).44-45  

2.1.3  Staging  

Overall, breast cancer staging is based on multiple factors like physical examination, biopsies, 

imaging studies, tumor size, dissemination to surrounding tissues or lymph nodes, spread and 

metastasis to distant regions, and the molecular status of the following receptors ER, PR, and 

HER2.46 This information provides insight for the physician to devise a patient treatment plan. 

The tumor-node-metastasis (TNM) method is usually used to stage BC with a score or a number. 

The greater the number, the bigger the tumor, the greater the number of nodes involved and the 

greater the number of metastases. Noninvasive breast cancer is characterized as stage 0, while 

stages 1ï3 are invasive, having expanded beyond the breast ducts, lobules, or skin, and in stage 

4, cancer has spread to distant locations.47 The extent of lymph node involvement is essential for 

staging, clinical management, and prognosis. Therefore, axillary and sentinel lymph node 

biopsies are histologically evaluated to identify the presence of metastases, and nodes can be 

removed surgically if metastases are present.47 The different stages of breast cancer are presented 

in Figure 2.  

 

Figure 2. The scheme depicts all the stages of breast cancer and the associated biology with each 

stage, and, on the right panel is the major vital organs targeted by the metastatic cells. Created 

with BioRender.com. 
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2.1.4 Molecular Subgroups of Breast Cancer 

Not all breast cancers are the same, as they comprise several subgroups that can vary 

substantially in terms of clinical appearance, molecular profile, and therapeutic response.48 For 

example, TNBC is classified immunohistochemically among the different BC subgroups by the 

complete lack of ER, PR, and HER2 expression. Based on the gene expression profiling, BC has 

been categorized into five molecular subtypes (Luminal A, Luminal B, HER-2 enriched, Basal-

like and Normal-like (claudin-low)), with each subtype having its incidence rate, prognosis, and 

treatment algorithm; with the luminal A having the best response to treatment compared to the 

various subtypes.49-50 Luminal A tumors tend to grow slower than other types of breast cancer, 

while luminal B cancer cells grow faster and are considered more aggressive.49 Both subtypes 

are positive for the hormone receptors ER, PR, and have higher-than-normal amounts of HER2; 

therefore, they qualify for hormonal therapy.49 The basal-like or claudin-low tumors form most 

of the TNBC. They are the most aggressive subgroups of breast malignancies and have the 

lowest numbers of cell-cell adhesion molecules like claudins, occluding (tight junction 

membrane proteins), and E-cadherin, which are significantly implicated in cancer cell migration, 

invasion, and metastasis.50-51 These two subtypes basal-like or claudin-low are highly enriched in 

mesenchymal stem cells and are regarded as the most primitive breast cancer subtype. The five 

molecular subtypes of breast cancer are presented in Figure 3.  
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Figure 3. This depicts the five major molecular subtypes of breast cancer and their prevalence in 

the patient population, rating the subtype according to their prognosis and molecular markers. 

Created with Biorender.com.  

2.1.5 Epithelialïmesenchymal Transition  

The epithelialïmesenchymal transition (EMT) is a process that enables epithelial cells to migrate 

and invade surrounding tissues in physiological conditions like tissue repair by changing their 

phenotype.52 Tumor cells use the EMT process to acquire the loss of epithelial features (cellular 

junctions and E-cadherin) and gain a mesenchymal phenotype (N-cadherin, fibronectin and 

vimentin expression) for tumor invasion, migration, and metastasis formation.52 Numerous 

studies support the EMT process as a key mechanism for successful metastatic dissemination.53 

The EMT process is also reversible to allow disseminated tumor cells to revert to an epithelial 

phenotype for secondary tumor formation.52 However, there is a complexity in detecting the 

transient EMT markers in vivo. 
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Further studies are needed to develop more efficient EMT reporters to elucidate the EMT 

involvement in metastasis formation.53 Nonetheless, the modulation of the EMT process might 

be useful in preventing or slowing cancer metastasis. Hyaluronic acid and its interactions have 

been shown to induce EMT by regulating the Snail, Twist, and Zeb1 transcription network in 

tumors and controlling the activation and expression of intercellular adhesion molecule (ICAM) 

and vascular cell adhesion molecule (VCAM) adhesion molecules through the activation of the 

nuclear factor-əB (NFəB), thus promoting cancer progression.54-55  

2.2 Metastasis 

Metastasis is possibly the most life-threatening tumor manifestation that can occur in cancer 

patients and as a single event can result in the death of most patients as cancer cells spread to 

tissues and organs beyond the original tumor to form new secondary tumors.56 Several sequential 

events, called the metastatic cascade must be completed for the tumor cell to metastasize and 

form secondary tumors in distant organs.57 The three main processes in the metastatic cascade 

can be summarized by the following steps: migration and invasion, intravasation, and 

extravasation. 

2.2.1 Migration and Invasion 

In the first invasion event of the metastatic cascade, aggressive cells lose cell-cell adhesion 

capacity allowing cancer cells to dissociate from the primary tumor mass and ECM, which 

enables these cells to invade the surrounding stroma by the secretion of a mixture of digestive 

enzymes that degrade the proteins in the basal lamina and basement membranes.58 For example, 

secretion of proteases, such as matrix metalloproteinase 2 and 9 (MMP 2/9) and activation of the 

urokinase-type plasminogen activator (uPA)/plasminogen activator inhibitor-1 (PAI-1) cascades 

that degrade and remodel the ECM for metastatic cell migration and invasion.58 Other matrix-

degrading enzymes, such as cathepsins and glycolytic enzymes, such as heparinase and 

hyaluronidases (HYALs) cleave heparan sulfate (HS)/heparin chains on proteoglycans (PGs) and 

hyaluronan (HA) for the ECM remodeling.59-60 The downregulation of E-cadherin and 

upregulation of mesenchymal cadherins such as N-cadherin, integrin-Ŭvɓ6, vimentin, and MMP 

proteases can also induce the EMT process to assist in cancer cell motility, invasion, and 

angiogenesis, through vital signaling cascades for cancer cell metastatic transition.59, 61 The 
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migration and intravasation of cancer cells to the circulation is also mediated by Slug, a 

transcription factor, which regulates the expression of tumor suppressors such as E-cadherin.62  

2.2.2 Intravasation 

Once the cancer cells have crisscrossed the ECM, intravasation occurs, in which cells travel 

through the wall of a blood or lymph vessel into the vessel itself and can follow several routes. 

Interactions between the cancer cells and the surrounding stroma are essential for stimulating the 

development of a new blood supply, via angiogenesis, for the local supply and transport of 

nutrients and removal of metabolic waste products.63 Once the vasculature is established, cancer 

cells can penetrate through the lymphatic or vascular circulation systems.64 After the tumor cell 

arrives at a likely point of intravasation, it interacts with the vasculature endothelial cells to 

undergo biochemical reactions and develop adhesion to the endothelial cells to form bonds that 

allow the cells to penetrate the endothelium and the basement membrane and gain access to the 

circulatory system (dissemination).65 Increased VEGF expression through tumor hypoxia and 

enhanced hypoxia-inducible factor 1 (HIF-1) levels in the tumor can mediate endothelial cell 

angiogenesis providing circulatory access to tumor cells.66 In addition, the expression of TGFɓ 

(Transforming growth factor-ɓ) signaling activates EMT and actin-binding proteins that aid in 

the motility and intravasation of cancer cells.67 In addition, triggering CXCR4 by its ligand C-X-

C-Motif chemokine ligand 12 (CXCL12) can drive organ-specific metastasis to lung and bone 

and aids in angiogenesis formation and intravasation.67 Moreover, the tropomyosin receptor 

kinase B (TRKB) can bind to the brain-derived neurotrophic factor (BDNF) to regulate MMPs 

and calmodulin protein for lung and brain metastasis in TNBC.68  

It is worth noting that antiangiogenic treatments focused on VEGF and its receptor, like the 

VEGF antibody (Bevacizumab), the anti-VEGF receptor (Aflibercept), and the tyrosine kinase 

inhibitor (Sorafenib) as single agents have been attempted clinically, but there was poor response 

in patients or resistance to these agents developed.63  

2.2.3 Extravasation 

Extravasation is defined as the leakage of blood, lymph, or other fluid, such as an anticancer 

drug, from a blood vessel or tube into the tissue around it. It is also used to describe the 

movement of cells from a blood vessel into tissue during inflammation or metastasis (the spread 
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of cancer).65 Metastatic cells must remodel the stroma of the distant organs for successful 

colonization of the new site (for example, initiate angiogenesis).65, 69 If the metastatic cells in the 

distant organs cannot proliferate but still survive, the tumor cells are said to be dormant and 

incapable of growing.69 However, acquiring additional somatic mutations and evading immune 

recognition over time may allow these micrometastases to overcome the dormancy phase for 

secondary tumor formation.54-55  

2.3 Metastasis Models  

2.3.1 The Anatomic Model 

In the anatomic metastasis model, secondary tumors develop in organs that the cancer cells first 

encounter on their initial spreading.70 This seems to be the case with regional metastases, as 

tumor cells gain access to adjacent tissue or lymph nodes through blood or lymphatic circulation. 

For example, liver metastasis is common in colorectal cancer patients as the capillary bed of the 

liver is the first tissue the tumor cells meet after exiting the colon and is ideal for secondary 

tumor formation. This anatomic metastasis model is supported by the isolation of circulating 

tumor cells (CTCs) from tissues near the primary tumor site. However, current evidence 

indicates that metastases formation is due to the priming of pre-metastatic niches in distant 

organs for malignant cell homing and colonization. Therefore, other different metastasis models, 

than the anatomic model, are required to explain the repeated patterns seen of distal organ 

metastases formation.61 

2.3.2 The Seed and Soil Hypothesis 

The seed and soil hypothesis of Steven Paget, dating back to 1889, attempted to explain why 

certain primary tumors tend to metastasize to the same organ. The "Seed and Soil" concept states 

that tumor cells (the seeds) may only infiltrate specific organs (the soil) that favor the tumor cells 

(seeds) growth conditions.61  Effective metastasis depends on the interaction between 

metastasizing tumor cells and target organ cells (stroma or TME).71 Tumor cells must produce 

factors to alter the stromal cells and the surrounding environment to support their survival and 

growth. Studies analyzing the profile of genes expressed in malignancies that metastasize to 

organs have shown unique genetic fingerprints for these tumors. For example, the genes that 

mediate breast cancer metastasis to bone are distinct from those that promote metastasis to the 
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lung.71 Different gene sets enable tumor cells to engage precisely with the stromal cells of the 

target-specific organs like the overexpressed CXCR4 and receptor activator of nuclear factor-əB 

(RANK) to have ligands highly expressed in the liver, lung, and bone marrow.61, 71 The 

inhibition of CXCL12-CXCR4 has been shown to reduce breast cancer cell metastasis to 

regional lymph nodes and lungs and to enhance T cell numbers in treated tumors.71 

2.4 Treatment  

2.4.1 Advancement in Treatments  

Surgery is routinely performed on TNBC patients, either a lumpectomy to preserve healthy 

breast tissue or a mastectomy that completely removes the breast tissues.72 Radiation therapy and 

systemic treatment with chemotherapy, endocrine therapy, biologics, or combinations are 

common.72 Radiotherapy may follow surgery if the tumor is large or involves lymph nodes to 

eradicate residual cancer cells left after surgery. In neoadjuvant settings, chemotherapy is 

administered before surgery to reduce the size of large tumors, and it is the standard treatment 

for both the early and late stages of TNBC.73 Chemotherapy with combinations of different 

chemotherapeutic agents may increase response rates, defined as the disappearance of invasive 

cancer in the breast after completion of therapy, but may increase normal tissue toxicities 

compared with single agents.74 TNBC patients do not benefit from hormonal therapy or 

trastuzumab due to the absence of the ER, PR and HER2 receptors. Taxanes, and anthracyclines, 

such as DOX with cyclophosphamide are a common option for these patients and therapy is 

usually maintained until the disease progresses or patients show limiting toxicities to normal 

tissues.75 In a recently completed randomized clinical trial conducted in China, the oral anti-

metabolite cytotoxic medication capecitabine was administered at a low dose as a maintenance 

treatment. It enhanced the 5-year disease-free survival of these patients by 10% compared to 

patients without the medication.76 Platinum treatment (such as cisplatin or carboplatin) or PARP 

inhibitors (such as olaparib or talazoparib)may be given to TNBC patients with a BRCA 

mutation.75 Despite the initial response in patients, resistance to PARP inhibitors may develop.13 

It was also observed that PARP inhibitors upregulate PD-L1 in TNBC, resulting in an 

undesirably increased resistance to T-cell killing and immunosuppression associated with the 

tumor progression.13 
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Immunotherapy is a very promising approach for TNBC treatment. Although it can provide a 

durable response, the anti-programmed cell death-1 (PD-1) and anti-PD-L1 could not be used 

alone as a single immunotherapy agent for metastatic TNBC due to a lack of overall survival 

improvement in comparison to chemotherapy.77 Nonetheless, when Atezolizumab (aka: 

Tecentriq PD-L1 inhibitor) or Keytruda (aka pembrolizumab PD-1 inhibitor) were combined 

with chemotherapy, there was a statistically significant improvement in the survival rate that led 

to the granting of accelerated FDA approval for advanced PD-L1 positive TNBC based on the 

IMpassion130 and KEYNOTE-522 phase 3 trials.77 However, the atezolizumab Abraxane 

chemotherapy for TNBC has been withdrawn by Roche voluntarily, only in the US, due to 

confirmatory trials failing to indicate a clinical benefit of this treatment. Continued approval of 

the agent was contingent upon the results of the IMpassion131 trial (NCT03125902).78 The FDA 

approval of Tecentriq was contingent on the use of a paclitaxel-free drug instead of Abraxane 

(paclitaxel nanoparticles) for progression-free survival and overall survival improvement. But 

the result of this treatment did not show a difference between the Taxol and Tecentriq arm and 

the Taxol alone group. 78 However, the drug is still available for other FDA approved cancers 

and metastatic TNBC patients who showed a positive response as an off-label drug. In addition, 

pembrolizumab continues to be approved by the US FDA as it improved the median overall 

survival of patients to 23.0 months compared to 16.1 months for patients that received 

chemotherapy.78 

The antibody-drug conjugate sacituzumab govitecan (Trodelvy) may be an alternative for 

metastatic TNBC patients who have failed at least two previous regimens.79  Neutropenia is a 

severe adverse effect of the recently approved Trodelvy that is only advised for patients with 

metastatic TNBC who have been treated intensively in the past.80 Even with the recent progress 

in TNBC-targeted therapies, there is still a need for more effective treatment options, especially 

in advanced metastatic settings. The therapeutic strategies in patients with TNBC based on its 

chemosensitivity and immune-molecular heterogeneity in clinical and pre-clinical studies are 

presented in Figure 4. 
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Figure 4. Future aspects of TNBC therapeutic strategies in patients based on tumors 

chemosensitivity and immune-molecular heterogeneity. Areas are shown of conventional 

chemotherapy, targeting the BRCAness, revisiting old but good targets, and immunotherapy, 

regulators of the TNBC TME. Combinatorial agents between these four independent domains 

would be the future therapeutics for TNBC. CTLA-4, cytotoxic T-lymphocyte-associated protein 

4; EGFR, epidermal growth factor receptor; MAPK, mitogen-activated protein kinase; PAM, 

PI3K-Akt-mTOR; PARPi, poly(ADP-ribose) polymerase inhibitors; PD-1, programmed cell 

death protein 1; PD-L1, programmed cell death ligand 1; TNBC, triple-negative breast cancer. 

Reproduced with permission from the publisher.10 

2.4.2 Doxorubicin 

The anthracycline DOX is a potent drug used in cancer chemotherapy. It is extracted from 

Streptomyces peucetius var bacterium. The action of anthracyclines against cancer is through its 

intercalation into DNA, leading to inhibition of DNA synthesis, poisoning of topoisomerase II, 
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and generation of free radicals.81 The anthracycline DOX is an n anthraquinone connected to a 

sugar moiety, Figure 5. It can intercalate into the DNA to interfere with its synthesis and repair 

resulting in the formation of DNA DSB that interfere with DNA replication to promote cell 

death. The overall initial response rate is approximately 30% in patients (less than 50 years of 

age) treated with anthracyclines.81 Common adverse drug reactions of DOX include 

cardiotoxicity, which limits DOX usefulness and can also be accompanied by alopecia, 

neutropenia, and hand-foot syndrome (redness, swelling and blistering on hands and feet).81 

 

Figure 5. The chemical structure of doxorubicin (DOX). 

2.4.3 Treatments Based on Molecular Classification of TNBC 

Attempts have been made to further subclassify TNBC into subgroups based on its molecular 

signature to aid in developing patient tailored treatments.82-83 The four identified subtypes are 

categorized into two basal-like (BL1 and BL2), one mesenchymal (M), and one luminal 

androgen receptor (LAR) based on molecular patterns of RNA expression, somatic mutations, 

and copy-number variations in a series of related pathways.82, 84 Overall, there is a great overlap 

in the proposed treatment strategies for the subclassified TNBC groups based on the genetic 

mutations of metabolic pathways and the DNA damage repair response, as shown in Table 140  

The limitation of classifiers could explain the overlap between the subgroups as the profiling was 

performed on bulk tumors and does not distinguish between tumor and stromal cells in the TME 

and is not reflective of the actual underlying biological processes.84-85  
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Table 1. Potential therapeutic strategies and targeted drugs are proposed based on the TNBC 

subtypes.  

TNBC subtype Genetic abnormalities Therapeutic targeted drugs 

Basal-like 1 

(BL1) 

TP53 mutations (92%), high 

gain/amplifications of 

MYC, Cell division protein 

kinase 6 (CDK6), and 

deletions in BRCA2, PTEN, 

and RB1.40, 86 

Cytostatic (Cisplatin, Carboplatin, 

Nedaplatin) 

PARPi (Olaparib, Rucaparib, 

Talazoparib,) 

DNA Synthesis inhibitors (Topotecan, 

Irinotecan, Doxorubicin, 

Mitomycin).87 

Basal-like 2 

(BL2) 

High levels of growth factor 

signaling and metabolic 

pathway activity EGFR, 

MET, Wnt/ɓ-catenin, and 

insulin-like growth factor 1 

(IGF-1) receptor.86 

Mitosis inhibitors (Paclitaxel, 

Docetaxel, Nab-Paclitaxel).84 

M (mesenchymal) 

EMT, Angiogenesis genes, 

Cyclin-Dependent Kinase 

Inhibitor 2A (CDKN2A), 

K-RAS, TP53, PDGFRA.84 

Growth Factor inhibitors, mTOR 

inhibitors  

Scr inhibitors (Bosutinib, Dasatinib) 

 PI3K inhibitors.87 

LAR (luminal 

androgen 

receptor) 

Displays a luminal pattern 

of gene expression (high 

Forkhead Box A1(FOXA1), 

elevated androgen receptor. 

Enriched in mutations in 

PIK3CA (55%), AKT 

(13%).40, 86 

Nonsteroidal antiandrogens 

(bicalutamide) 

 mTOR inhibitors (rapamycin, 

Everolimus) 

 PI3K inhibitors (Idelalisib).87 
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2.5 Tumor Microenvironment (TME) 

The TME and its corresponding signaling pathways provide structural support to the tumor 

through its cellular and non-cellular elements. The TME enhances proliferation, angiogenesis, 

drug resistance, immunosurveillance evasion, invasiveness and metastasis.88 The ECM, 

fibroblasts, adipose cells, immune cells,  blood and lymphatic endothelial vasculatures are some 

of the main components of the TME.89 The signal-transduction pathways are networks triggered 

by the interactions of ligands with cell-surface receptors like adhesion molecules, integrins, 

growth factors and receptors tyrosine kinases to coordinate and influence the behavior of cancer 

cell   proliferation, motility, invasion and metastasis.89 The TME will be discussed in more detail 

in the following section. 

2.5.1 Cancer Stroma 

Besides the cancer cells, the TME may contain immune cells, blood cells, endothelial cells, fat 

cells, and stromal cells. The stroma connective tissue comprises cancer-associated fibroblasts 

(CAFs), mesenchymal stromal cells, osteoblasts, chondrocytes, and the ECM that support 

tumorigenesis, cancer progression, metastasis, and therapy resistance.8, 90-91 The stromal cells 

provide nutrients for tumor growth, adipocytes secrete growth factors and cytokines, that 

influence the immune cells phenotypes to be pro-tumorigenic (EMT, angiogenesis, and 

treatment-resistance). 92-95 The ECM, compromised of basement membrane and interstitium, 

provides structure and cellular signaling support through organized interactions of fibrous 

molecules, proteoglycans, glycoproteins, glycosaminoglycans like HA, collagen, elastin, 

fibronectin, or laminin.96-98 The attachment of epithelial cells to the basement membrane also 

involves integrin binding.99 

The tumor stroma can be a significant factor in resistance to conventional chemotherapeutics and 

can often be neglected when developing targeted treatments against TNBC.100 The CAFs 

produce large amounts of growth factors, enzymes, cytokines, and chemokines in the TME.101 

For example, the fibroblast enzyme cytochrome P450 (CYP) family increases the degradation 

and metabolism of chemotherapeutics and induces adverse reactions and treatment failures.102 In 

addition, increased tumor stromal fibrosis produces rigid fibrotic and dense ECM, interstitial 

pressure build-up, and enzymatic drug degradation limit ing drug access to cancer cells.100, 103 In 
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addition, the tumor angiogenic factor platelet-derived growth factor (PDGF) secreted by 

fibroblasts allows for the intravasation of cancer cells into the circulatory system and their 

survival at a high-pressure shear stress.104 Therefore, the fibrotic stromal tumor tissue can play a 

crucial role in chemoresistance.105-106 

Also, along with the cancer cells, fibroblasts maintain the production of a large amount of HA, 

synthesized at the plasma membrane by three HA synthases (HAS 1ï3) and degraded by six 

hyaluronidases.107 Hyaluronic acid is found in several organs and tissues, and high HA amounts 

have been observed in multiple solid malignancies. Its presence can also contribute to high 

interstitial pressure and stromal resistance.108-109 The buildup of collagen and HA in the TME 

prevents drugs from reaching cancer cells.109 Hyaluronic acid can bind to multiple cell surface 

receptors, including the cluster of differentiation 44 (CD 44), RHAMM, lymphatic vessel 

endothelial HA receptor-1 (LYVE-1), and hyaluronan receptor for endocytosis (HARE).  

The following section will discuss HA and its receptors in more detail.  

2.5.2 The Role of HA in the Tumor Stroma 

Hyaluronic acid (Fig. 6) is a significant component of the ECM and is usually found extensively 

in the following soft tissues (eye vitreous >synovial fluid>skin>brain>liver).110 Hyaluronic acid 

is amphiphilic and composed of two sugars (1Ÿ4)-ɓ-linked D-Glucuronic and (1Ÿ3)-ɓ-linked 

N-acetyl-D-Glucosamine, and it is synthesized in the inner space of the plasma membrane.110 

After synthesis, HA is released in the ECM with molecular weights ranging from 5,000 to 

20,000,000 Da in the various tissues.111 
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Figure 6. The chemical structure of hyaluronic acid.  

The HA filaments form porous dynamic networks that play a significant role in water 

homeostasis.112 Hyaluronic acid as a material is very dynamic. It can be compressed and re-

swelled after mechanical stress is applied and dissipated due to intrinsic swelling pressure and 

electrostatic repulsion at the abundant carboxyl groups within its structure.113 It is well 

documented that HA can have an inhibitory or stimulatory effect on cellular proliferation 

depending on its size (polymer length) and concentration within tissues. The high molecular 

weight (HMW) HA-rich tumors have been shown to recruit stromal cells to enhance 

tumorigenicity and impede tumor drug accumulation.112  

The migration of tumor cells on HA-rich matrices is mediated by the HA cell surface receptors 

CD 44 and RHAMM.114 In addition, upon hydration, HA in tumor tissues swells, creating a 

dynamic tumor cell movement niche that may shield tumor cells from immune surveillance and 

chemotherapeutic drugs.114-115 Hyaluronic acid can bind with RHAMM on the surface of human 

endothelial cells and trigger the MAP kinase pathway.116 In tissue remodeling and wound 

healing, hyaluronidases and free radicals can fragment HMW-HA into LMW-HA to increase 

inflammation, immune cell recruitment, and epithelial cell migration through the HA receptors of 

CD 44, RHAMM and toll -like receptors (TLR) 2 and 4.116-123 Therefore, interfering with tumor 
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stromal HA and disrupting its downstream signaling could significantly improve cancer 

treatment in solid tumors.  

2.5.2.1 Cluster of Differentiation 44 (CD44) 

The CD 44 is a multi-structural and multi-functional transmembrane glycoprotein (37 kDa) 

widely distributed in lymphohematopoietic cells, most epithelial and mesenchymal cells and 

plays a role in extracellular adhesion and signal transduction.124 The relationship between CD 44 

and HA is essential, for several physiological and pathological reasons, due to its high binding 

affinity with HA and CD 44 and its involvement in the immune system, blood and tissue 

regeneration and cancer and metastasis.125-127 The CD 44 receptor is also responsible for clearing 

HA within the tissue ECM, and failure of HA clearance can lead to ECM disorganization.128 

The CD 44 is encoded by one gene for all the domains that undergo differential N-and O-

glycosylation to generate all the CD 44 isoforms (20 varying in size from 85 to 230 kDa).129-130 

The amino-terminal domain of CD 44 contains the hyaluronan-binding motifs made of cysteine 

residues that form disulfide bonds required for hyaluronan binding and endocytosis by the 

associated lipid rafts.124, 131 The CD 44 cytoplasmic domains can modulate the interactions of 

plasma membrane raft proteins and actin filaments of Ezrin-Radixin-Moesin (ERM).132 The 

ERM activation initiates the activation of downstream pathways of c-Met, and proto-oncogene 

tyrosine-protein kinase (Src) through Ras-MAPK and PI3K-AKT. 133 Therefore, CD 44 can act 

as a ligand-binding receptor or co-receptor for growth factors signaling modification of the 

tumor cell cytoskeletal architecture.134-135 The CD 44 and HA interactions have been shown to 

activate immune cells influenced by cytokines like TNF-Ŭ, IL-1, lipopolysaccharides (LPS), or 

IFN-ɔ.134, 136-137 The interactions of CD 44-HA  are also necessary for wound healing and injury 

response. The CD 44 receptor is also identified as a marker for cancer stem cells (CSCs). 

Specifically, cells with CD 44+ and CD 24ī expressions are more aggressive CSCs in the prostate 

and TNBC tumors.138-140 The repopulation capability of CD44+/CD24- cells has been 

demonstrated in a tumor xenograft study, where injection of as few as 100 CSCs with the CD 

44+/CD 24- phenotype led to successful prostate tumor development in a SCID mouse model,141 

while millions of regular cancer cells must be injected in a mouse host for successful tumor 

formation. Moreover, it has been observed that CD 44 interacts with CXCL12-CXCR4 to 
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increase endothelial cell motility and angiogenesis, which was amplified by the treatment with 

HMW-HA.114, 142-143 

The CD 44 receptor is a promising targeting receptor for drug delivery, and numerous preclinical 

in vivo studies have reported its role in enhanced drug delivery and antitumor responses.144-147 

However, when CD 44 is investigated as a target for therapeutic purposes, the clinical trial data 

have fallen short of expectations.148  Bivatuzumab-mertansine, an antibody against CD 44 that is 

linked to anti-tubulin (mertansine), was tested in a phase one clinical trial that showed significant 

skin toxicity, including a case of lethal epidermal necrolysis.149  Nonetheless, CD 44 

overexpression remains a vital factor in cancer drug resistance, progression and metastasis. 

Therefore, new approaches still consider CD 44 interactions when designing new therapeutics, 

diagnostics, or drug delivery vehicles.150-152 In recent studies, the anti-CD 44 antibody labelled-

89Zirconium (RG735) has been investigated in a phase I dose escalation study to identify tumor 

metastases from normal tissues.153 In another multi-center Phase I/II Clinical Trial, chimeric 

antigen receptor (CAR) T-cell therapy cells were engineered to specifically target and 

accumulate in CD 44 variant 6 overexpressing tumors (NCT04427449).154  

In addition, increased CD 44 expression promotes a DNA damage repair response and plays a 

significant role in resistance to chemotherapeutic agents.155-156 Computational analysis has 

revealed an association between the components of the MRN complex (consisting of (meiotic 

recombination 11 (Mre11), RAD50, and Nijmegen Breakage Syndrome 1 (NBS1) and CSC 

markers including sonic Hedgehog (SHH), neurogenic locus notch homolog protein 1 (Notch 1), 

and CD 44 to contribute to CSC survival and proliferation.157-158 Other research groups have also 

shown that the MRN complex is associated with increased expression of the proto-oncogene c-

MYC transcription factor and EMT induction through the upregulation of CD 44.159-162 

Figure 7 presents a summary scheme of major tumor pathways affected by the accumulation of 

HMW HA in the TME mediated by CD 44 and RHAMM.  
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Figure 7. High molecular weight HA activates PI3K/AKT for proliferation, invasion and survival 

and increases chemoresistance by drug efflux pumps. HA binding to cell surface CD 44 and 

RHAMM triggers a variety of signaling events, including complex formation between CD 44 

and co-receptors such as c-Met, EGFR, and TGF-ɓ receptors, and activation of downstream 

effectors such as Akt, PI3K, Protein phosphatase 2 (PP2) (for negative regulation (redlines)), 

ERK1/2, and Ras/Raf/Rac. These signaling events culminate in the expression of a variety of 

inflammatory cytokines and activation of a feedback loop continuing cell surface expression of 

CD 44/RHAMM. By inducing these signaling events and downstream effectors, HAïCD 44 

signaling drives proliferation, invasion, cytoskeletal rearrangement, and angiogenesis, leading to 

normal cell functions such as fibroblast migration, wound healing, and immune cell function and 

to tumor growth and progression. Reproduced with permission from the publisher.163 
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2.5.2.2 Receptor for HA-mediated Motility (RHAMM) 

The RHAMM (receptor for HA-mediated motility) is a glycophosphatidylinositol (GPI)-

anchored protein receptor that lacks a transmembrane domain. Based on the physiological or 

pathological condition, the protein can be soluble, nuclear, cytoplasmic, or located on the cell 

surface due to alternative isoform splicing (40-50 kDa, 70-72kDa, 95kDa).164 Metastasis 

formation depends on cancer cell motility acquisition involving growth factors, cytokines, 

stromal factors, adhesion molecules and ECM remodeling.118, 122-123 Receptor for HA-mediated 

motility mediates motility in the Ras pathway-mediated transformation transiently produced 

during wound repair, but its hyperexpression is associated with tumor development, progression, 

and metastasis.123, 165 When HA becomes enriched in the ECM, it strongly co-localizes with 

RHAMM on the microtubular network and mitotic spindle structures to promote cell 

separation.123, 166 The increase in cell division in response to HA mediates RHAMM localization 

shift from the cytoplasm to the nucleus to connect with microtubule nucleation factor (TPX2) 

and Aurora kinase A (AURKA) (regulators of activation of spindle-related kinases).167-168 

Even though RHAMM is less studied in terms of cancer metastasis, both CD 44 and RHAMM 

can promote focal adhesions by controlling focal adhesion kinase (FAK) phosphorylation guided 

by the Ŭ4ɓ1 and Ŭ5ɓ1 integrins.167 RHAMM can form a complex directly with ERK1/2 to affect 

tubulin scaffolding, cytoskeleton polymerization, mitotic spindles, and chromosomal 

alignment.167 Therefore, RHAMM and ERK1/2 closely regulate cell motility, and it has been 

reported that non-invasiveness of breast tumors can be correlated with less RHAMM expression 

and transient ERK1/2 activation.169  

In addition, CD 44 and RHAMM facilitate angiogenesis through the cell cycle and motility 

protein kinases that activate alpha-adducin (tubulin recruitment), cyclin-dependent kinase 1 

(Cdk1), GSK3 and ERK1/2.170 Intracellular RHAMM is also associated with BRCA1 to regulate 

mitosis and mitotic spindle integrity. Breast cancer patients with the BRCA1 mutation have 

shown an induced RHAMM and AURKA upregulation correlated with metastasis and poor 

prognosis.170 
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2.5.2.3 Lymphatic vascular endothelial hyaluronan receptor (LYVE-1) 

The lymphatic vascular endothelial hyaluronan receptor (LYVE-1) is an integral HA membrane 

receptor.171 LYVE-1, expressed on lymphatic endothelial cells, is suggested to mediate HA-

induced lymphangiogenesis and regulate leukocyte trafficking. 171 This trafficking is directed by 

multiple factors such as interstitial lymph flow172, chemotaxis, haptotaxis, and response to 

chemokines, including CXCL12 and CX3CL1 and their receptors CXCR4 and CX3CR1.173-175 

2.5.2.4 Hyaluronic Acid Receptor for Endocytosis (HARE) 

The HARE receptor, also known as Stabilin-2, is described as a clearance/scavenger receptor 

extensively expressed in the sinusoidal endothelial cells of the liver, lymph nodes and spleen.121 

Besides the role of HARE in monitoring HA degradation and homeostasis, it mediates 

endocytosis of heparin, acetylated-low density lipoprotein, and growth differentiation factor 15 

(a member of the transforming growth factor-ɓ family).176 Cells with HARE expression have 

higher HA- phosphorylation of ERK1/2.176 

2.5.3 Integrins  

Integrins are transmembrane heterodimeric protein receptors that facilitate cell-cell and ECM 

adhesion that connects them to the cellular cytoskeleton. Integrins also activate many 

intracellular signaling pathways that play key roles in immune responses, leukocyte traffic, 

hemostasis, and cancer progression.17 Integrin ligands include fibronectin, vitronectin, collagen 

and laminin.177 Integrins are obligate heterodimers composed of Ŭ and ɓ subunits that come 

together from eighteen Ŭ and eight ɓ subunits and can assemble into 24 different heterodimers.177 

The subunits contain an extracellular domain, a single transmembrane region, and a cytoplasmic 

region. The Ŭ -domains carry divalent cation binding sites with calcium or magnesium ions for 

binding to acidic amino acid ligands such as the RGD peptide sequence.178 Each Ŭ and ɓ subunits 

integrin combination has its own ligand binding specificity and signaling properties.179 The 

structure of integrins with its subdomains (extracellular, transmembrane, and extracellular) and 

divalent cations binding sites (yellow colored) are shown in Figure 8. 
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Figure 8. The subunit structure of an integrin cell-surface matrix receptor. The green portion of 

the scheme is the alpha subunit, while the blue part is the beta subunit. The yellow dots represent 

the divalent cations (Such as Mg2+ or Ca2+ ions). The grey area is intracellular, and the yellow 

area is extracellular. Reproduced with permission from the publisher.177 

Initially, integrins have no enzymatic or kinase activities, but through conformational 

rearrangement after binding to their ligand, phosphorylation of FAK signaling pathways are 

initiated.180-184 Integrins can also assist in activating other cell receptors like growth factor 

receptors (GFRs) and the MAPK/ERK1/2 and PI3K/Akt pathways.185-187 For example, the Ŭvɓ3 

integrin can complex with the insulin receptor, PDGF, and VEGF to aid in numerous cellular 

processes.188 Most integrins have ñonò and ñoffò states. Inactive integrins have bent extracellular 

domains, and once activated, the extracellular domains are extended and straightened to expose 

the RGD-binding site.189 In cancer, integrins can facilitate the malignancy of cells through ECM 

dissociation and adhesion and aid in tumor growth and metastatic progression.190  



 

30 

 

The Ŭvɓ3, Ŭvɓ5, Ŭ5ɓ1, Ŭ6ɓ4, Ŭ4ɓ1, and Ŭvɓ6 integrins have been shown to aid in tumor 

progression in various cancer types.191-194 They are involved in most of the metastasis 

development stages, including local migration of cancer cells and their intravasation into the 

vasculature, survival of CTCs, and their extravasation into the secondary site and colonization of 

distal organs for new tumor formation.195 Specifically, the ɓ3 subunit is uniquely associated with 

angiogenesis and metastasis.188 Mediated by fibroblast growth factor-2 (FGF-2), TNF-Ŭ, and IL-

8, the Ŭvɓ3 integrin can be overexpressed on endothelial vasculature cells and BC cells but not 

on many other normal tissues.188 Moreover, the Ŭvɓ3 has been shown to localize with MMP-2 on 

blood vessels to aid collagen degradation and ECM remodeling to facilitate cell migration.196-197 

The overexpressed Ŭvɓ3 integrin in breast cancer and prostate carcinoma has been correlated 

with lymph node and bone metastasis198 and is strongly associated with chemotherapy 

resistance.199-201 The Ŭvɓ3 integrin is also overexpressed in glioblastoma to promote invasiveness 

and chemoresistance.199, 202 

2.6 The DNA Damage Response  

The cell genome is constantly in a dynamic state of DNA damage and repair. Genotoxic insults 

caused by endogenous or exogenous DNA damaging sources like oxidative stress, ionizing 

radiation or chemical agents can be sensed and detected for cell repair.203-204 If the DNA damage 

is lethal, as in the formation of unrepaired DNA double-strand breaks (DSB), the cell can 

proceed to programmed cell death.205-206 The DNA damage and repair machinery is comprised of 

damage-sensors, signal-transducers, and effectors.207 Several inherited mutations in DNA repair 

genes that make DNA repair less efficient have been identified to increase the risk of cancer 

development.208 The inherited BRCA1 or BRCA2 genes are widely known to significantly 

increase the risk to the carrier of breast and ovarian cancer.208-209 The BRCA 1 and BRCA2 

expressed proteins are linked with several DNA repair systems, including non-homologous end-

joining (NHEJ) and HR.208-209 Humans born with hereditary DNA repair abnormalities (such as 

Li -Fraumeni syndrome) have an increased chance of developing cancer.208 The DNA damage 

response mutations can vary by cancer type, but ~30% of invasive breast carcinomas have 

mutations in HR genes. 
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The efficacy of chemotherapy and radiation is driven by overwhelming the cancer cell to repair 

their damaged DNA, resulting in cell death.210 Several inhibitors that block specific DNA 

damage responses or repair proteins have been tested as sensitizing agents in combination with 

DNA-damaging agents or as single agents against cancers with defects in DNA repair.211 One of 

the most prominent examples is the lethal effect of PARPi on BRCA1/2-defective tumors, which 

takes advantage of the defects in the DNA repair process to induce "synthetic lethality".211 For 

example, olaparib has been approved for treating ovarian and breast cancer with a BRCA 

mutation.211 However, the synthetic lethality treatment technique alone has been called into 

question because of accumulating evidence of acquired resistance, which is obtained via rewiring 

the DNA damage response pathways, such as the reversal of previously suppressed abnormalities 

or via the upregulation of drug efflux pumps.212 

2.6.1 The DNA Damage Repair Pathways  

Cancer cells must acquire survival genes to proliferate and become malignant while evading 

growth arrest and apoptotic signals.213 Cancer development and therapeutic efficacy are 

influenced by germline or somatic mutations in the DNA damage response genes.213 The DNA 

repair pathways are crucial in preventing precancerous cells from undergoing malignant 

transformation.214 For example, if repair is impossible, the DNA damage response systems 

initiate cell-cycle arrest and seek to repair DNA lesions or promote cell death/senescence.215-216 

The DSB response kinase ataxia-telangiectasia mutated (ATM) loss of function results in 

increased tumor growth and invasiveness due to loss of DNA damage response to mediate cell 

senescence through the phosphorylation of checkpoint kinase 2 (Chk2), a cell cycle checkpoint 

regulator and tumor suppressor, leading to cell cycle arrest.216 DNA-damaging agents can induce 

various types of DNA damage, including modification of DNA bases, intra- and inter-strand 

crosslinks, DNAïprotein crosslinks, single-strand breaks (SSB), and DSB.217  

DNA-damage can induce checkpoints that facilitate cell-cycle control and, DNA repair during 

replication and mitosis. The PI3K-related protein kinases ATM and ATR (ataxia telangiectasia 

and Rad3-related) play a significant role in detecting DNA damage, causing cell-cycle arrest, and 

carrying out DNA repair. The MRN complex also senses and binds to DSB sites to recruit ATM 

kinase. Through ATM autophosphorylation, downstream proteins are activated, like P53, and 
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cyclin-dependent kinase inhibitors, to promote G1 arrest to slow down the S phase of DNA 

synthesis and prevent the entry of cells into mitosis.218-220 Ataxia-telangiectasia mutated is 

mainly activated by DNA DSB, It initiates the HR pathway through BRCA1/2 and RAD51 

activation for damage repair and cell cycle arrest in the S phase.221 If the DNA replication fork 

collapses, the ATR kinase is activated and recruited to the sites of DNA damage along with 

checkpoint kinase 1 (CHK1) and nuclear kinase (Wee1) to regulate the cell cycle and pathways 

needed to repair the delayed replication forks and restart DNA synthesis.222 If replication forks 

fail to stabilize repeatedly, it leads to cancer cell death by genomic catastrophe (cumulative loss 

of genetic information due to high mutation rates). 

The major repair pathways and damage response mechanisms are as follows: base excision 

repair (BER), nucleotide excision repair (NER), DNA mismatch repair (MMR), HR, and NHEJ.  

2.6.2 Single-Strand Breaks (SSB) 

Bulky DNA lesions such as pyrimidine dimers caused by UV irradiation are processed by the 

NER pathway, which requires the excision repair cross-complementing protein 1 (ERCC1).223 

The NER pathway removes the damaged nucleotide and replaces it with an undamaged one 

complementary to that present in the intact DNA strand.223 The DNA base mismatches arising as 

a result of replication errors can be repaired by the DNA mismatch repair pathway.224 Single-

strand breaks are largely repaired using the BER proteins, which include PARP1, 

XRCC1(scaffolding protein), glycosylase, apurinic/apyrimidinic endonuclease (APE1) (replaces 

damaged bases from oxidation, deamination, and alkylation), ligases and polymerases. 225 BER 

protects against cancer, aging, and neurodegeneration. 225 Upon SSB identification, ATR and 

PARP are recruited. PARP adds ADP-ribose units to itself to create polymer chains to attract 

other proteins to the damaged site.225 Then, a glycosylase enzyme recognizes the damaged base 

for removal.225 The glycosylase severs damaged bases and forms an apurinic or apyrimidinic site 

(AP) for the AP endonucleases to snip the damaged DNA backbone. Later, DNA polymerase 

eliminates the damaged area and synthesizes a new strand from a complementary template 

strand; and DNA ligase is then used to close-up the gap.225  

Overexpression of the APE1 enzyme protects against radiation and chemotherapeutics damages 

and provides a feasible target moiety in multiple cancer types to reduce treatment resistance.226 
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Defects in the MMR pathway cause Lynch syndrome or autosomal dominant hereditary 

nonpolyposis colorectal cancer (HNPCC), and increases the risk of colorectal, stomach, ovarian, 

and endometrial cancer development.227 In addition, abnormalities in the MMR pathway can 

result in cellular resistance to the chemotherapeutic agent cisplatin, but cells may be more 

susceptible to other cross-linking agents.228 Mutations of NBS1 or truncations cause Nijmegen 

breakage syndrome which prevents the detection of DSB causing infertility, radiation sensitivity, 

and lymphomas.229 Mre11 is another component of the MRN complex susceptible to point 

mutations; Mre11 is being incorporated in genetic testing panels for breast cancer as it is closely 

associated with the function of BRCA proteins.230  

2.6.3 Double-strand Breaks (DSB)  

Unrepaired DSB can result in cell death. The NHEJ and HR are mainly responsible for DSB 

repair.231 DSB can also be produced physiologically during meiosis and the V(D)J recombination 

process required for lymphocyte expansion.232 The DNA DSB may be caused by collapsed 

replication forks, ionizing radiation, reactive oxygen species (ROS), alkylating chemicals, and 

chemotherapeutics.232 The MRN protein complex will recognize the DNA DSB gap and recruit 

ATM to phosphorylate CHK2 and H2AX for cell-cycle checkpoint and recruitment of DNA 

repair foci, respectively.231 Ataxia-telangiectasia mutated protein will split from its inactive 

dimer form and auto-phosphorylate to interact with several substrates, including p53, NBS1, 

BRCA1, and CHK2.233 Ataxia-telangiectasia mutated will also phosphorylate S139 on the C-

terminus of histone H2AX, which acts as a primary indicator of DNA DBS damage and recruiter 

of downstream DNA repair proteins.233 Following phosphorylation, the BRCA1 C-terminus 

(BRCT) will attach to H2AX and NBS1 of the MRN complex to recruit p53, which may cause 

cell arrest or apoptosis.233  

2.6.3.1 Non-Homologous End Joining (NHEJ) 

The NHEJ is a faster, imprecise, error-prone repair technique that mediates broken DNA end-

joining in which nucleotides are lost due to the absence of an intact sister chromatid as a 

template.231 This nucleotide deletion may result in a loss of genetic information and increased 

genomic instability and rearrangement. At the damage site, Ku70 and Ku80 proteins form a 

heterodimer that detects and binds to the free DNA ends and recruit the catalytic DNA-PK 
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kinase (DNA-dependent protein kinase) for ligase-mediated rejoining of the broken DNA 

ends.234   

Mutations in the Ku70 and Ku80 are associated with breast and lung cancer.235-236 Single 

nucleotide polymorphisms (SNPs) in the NHEJ ligase are related to elevated glioma risk.237 In 

addition, DNA-PK inhibitors are being developed against multiple cancers. For example, 

Nedisertib, also known as M3814, is a selective inhibitor of DNA-PK that is examined along 

with radiation therapy in multiple solid tumors (NCT02516813).238 The compound avadomide 

(CC-122) is a potential antineoplastic and immune modulator with activity against DNA-PK that 

is being tested in phase 1 clinical trials in multiple myeloma, advanced solid tumors, and non-

Hodgkins lymphoma (NCT01421524); and in phase 2 clinical trials for glioblastoma 

(NCT02977780).239 

2.6.3.2  Homologous Recombination (HR) 

In contrast to the NHEJ, HR enables error-free repair using a homologous sister chromatid 

segment to replace and code for the nucleotides lost in gap repair during the late S, G2, and M 

phases of the cell cycle.240 Mre11 activity promotes DSB end resection to create single-stranded 

DNA for HR repair.240 Then BRCA1/2 co-localizes with RAD51 at the damage site. BRCA2 has 

a DNA-binding domain that can bind both single-stranded DNA (ssDNA) and double-stranded 

DNA (dsDNA) and regulate RAD51 filament formation.240 Phosphorylated BRCA1 interacts 

with RAD51 to allow the resected end of the damaged strand to invade the sister chromatid 

homologous template for base complementation.240  

Components of the HR pathway are often dysregulated in cancer cells, enabling them to retain a 

greater degree of genomic instability.241 Germline mutations in the BRCA1/2 genes are most 

often connected with the development of Hereditary Breast and Ovarian Cancer (HBOC).241 

These mutations also raise the risk of prostate, pancreatic, melanoma, and gastrointestinal 

malignancies.241 Germline truncations, alternative splicing, and deletion mutations in the Partner 

and Localizer of BRCA2 (PALB2) have recently been shown to increase the lifetime risk of 

breast cancer in premenopausal women.242  
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2.6.4 Chemotherapeutic Agents for Targeting DNA Repair  

Mutated BRCA breast cancers are often high-grade, invasive ductal carcinomas.243 These tumors 

often have a greater prevalence of p53 mutations, and an absence of PTEN expression (a 

negative regulator of PI3K), with higher c-myc and EGFR overexpression.243  These DNA DSB 

repair deficient tumors depend on SSB repair proteins like PARP1 to repair their damaged 

DNA.244 Cells with BRCA1/2 mutation are sensitive to PARP inhibition either due to catalytic 

inhibition or PARP trapping at sites of DNA damage.244 The capacity to trap the PARPïDNA 

complexes varies among PARP inhibitors. Trapping PARP on DNA may be more effective in 

inducing cancer-cell death than enzymatic inhibition alone.245 Talazoparib is reported to be a 

potent PARP inhibitor (half-maximal inhibitory concentration, 4 nM) with a PARP-trapping 

potential ~100 times greater than other PARP inhibitors currently under investigation.246   

The modes of action of PARPi also include reducing the replication fork function and enhancing 

DNA DSB formation. In addition, PARPi can compete for binding in the NAD+-binding pocket 

of PARP enzymes to trap PARP onto the DNA and result in DSB formation for the replication 

fork to collapse, leading to cell death. The overall PARPi strategies are based on the synthetic 

lethality effect where the simultaneous alteration of proteins (PARP1 and BRCA1) causes 

synergistic cell death, while alteration of either protein alone does not. The mechanism of 

synthetic lethality of PARPi in BRCA mutant tumors is shown in Figure 9. Numerous inhibitors 

are being developed and investigated against the DNA damage repair response proteins. They 

have gained increased attention as a therapy for solid tumors, including breast cancer, as a 

monotherapy or in combination with chemotherapy, immunotherapy, and or inhibitors of the 

signal transduction pathways.247  
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Figure 9. PARP inhibitors synthetic lethality mechanisms. PARP inhibition kills BRCA-deficient 

cells by compromising the DNA single strand breaks repair (BER), resulting in replication stress 

and genomic instability, and cell death. PARP1 is involved in repair of SSBs, which may, in the 

presence of a PARP inhibitor, persist and collapse a replication fork into a lethal DSB. Since 

BRCA defective cancer cells lack DSB repair proteins, the resulting DSBs would be selectively 

toxic to the cancer cells. Created with BioRender.com. 

2.6.4.1 DNA damage repair blocking agents 

2.6.4.2  Platinum ï BTP-114 

BTP-114 (Placon Therapeutics) is a new cisplatin compound and a maleimide moiety prodrug 

that binds to human serum albumin to enhance its blood circulation and half-life. Patient 

recruitment has concluded for a phase-1 clinical trial of the new platinum agent BTP-114 (Placon 

Therapeutics) for patients with solid tumors that are positive for BRCA mutation, other DNA 

repair mutations, or faulty HRD test (ClinicalTrials.gov identifier: NCT02950064).248 



 

37 

 

2.6.4.3 Sapacitabine 

Sapacitabine is an orphan drug from the European Medicines Agency and the U.S. FDA for 

treating acute myeloid leukemia and myelodysplastic syndrome. Sapacitabine has been shown to 

promote DNA SSB following incorporation into DNA, resulting in a buildup of DSB, and is 

currently being tested in conjunction with Olaparib in individuals with metastatic breast cancer 

positive for BRCA mutation (NCT03641755).249 

2.6.4.4 Olaparib 

Olaparib is the first PARP inhibitor approved by the FDA in 2018 for treating patients with 

metastatic HER2-negative, BRCA1/2-mutant breast cancer who have previously received 

chemotherapy.250-251 In this study by Robson et al., patients who had received prior anthracycline 

and taxane were prescribed olaparib 300 mg/kg twice daily or one of the microtubule inhibitor or 

stabilizer chemotherapies (eribulin or vinorelbine). The reported olaparib arm had a superior 

response rate, progression-free survival, and toxicity profile with progression-free survival (PFS) 

of 7 months compared to 4.2 months in the other treatment arms of the trial. In 2019, olaparib 

was also approved as a maintenance treatment for metastatic pancreatic adenocarcinoma with 

mutated BRCA1/2.252 However, evidence from preclinical studies indicates that PI3K-AKT-

mTOR pathway activation may result in PARP inhibitor resistance. Therefore, a Phase I clinical 

trial will investigate olaparib with the PI3K inhibitors buparlisib and alpelisib.253 Radiation is 

also being investigated with Olaparib for locally advanced breast cancer (NCT03598257).254 The 

chemical structure of olaparib is show in Figure 10. 
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Figure 10. The chemical structure of olaparib. 

  

2.6.4.5  Veliparib 

Veliparib (ABT-888) is a strong, orally bioavailable PARP1/2 inhibitor. Preclinical results 

indicated that veliparib amplifies the effects of DNA-damaging drugs and is being investigated 

mostly in combination with chemotherapy or targeted therapies in a range of solid tumors (such 

as studies  NCT02032277, NCT02152982, and NCT02163694).255 The most prevalent adverse 

effects include nausea, tiredness, and pancytopenia.255 

2.6.5 Resistance to PARP Inhibitors  

PARPi are being investigated as chemo potentiators or radiosensitizers to overcome treatment 

resistance in patients. The PARP inhibitors frequently elicit an initial response to treatment. The 

therapeutic advantage resulting from PARPi in metastatic BRCA-mutant BC is a median 

progression-free survival of  2ï3 months longer than conventional chemotherapy.256 

Combination therapy using PARPi, and other genotoxic medicines may provide additional 

potential advantages. The cyclin-dependent kinase (CDK) inhibitors impede DNA repair and 

alter checkpoint signaling in neuroendocrine prostate cancer (NEPC) in TNBC patient-derived 

xenografts.256 The combination of PARPi with specific medicines, such as angiogenic 

antagonists, has led to the recent FDA approval of the olaparib/bevacizumab combination 
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therapy as a first-line maintenance treatment for high-grade serous ovarian carcinoma patients, 

which may drive more research into alternative drug combinations to improve the treatment 

outcome of patients.256  

The possible PARPi resistance mechanisms also include the upregulation of drug efflux pumps, 

restoring HR by secondary mutations in the BRCA genes, and elevated levels of RAD51.257 

Combining PARPi with different compounds that inhibit HR is a method for overcoming PARPi 

resistance and sensitizing HR-competent tumors to PARPi. The selection of a partner drug must 

be driven by understanding the molecular processes that promote carcinogenesis and therapeutic 

response. Inhibitors of ATM, c-met, and PI3K are now being studied in conjunction with PARPi 

as novel medicines targeting DNA damage repair pathways.258-260 In addition, Wee1 and cyclin-

dependent kinase 1 are key cell cycle regulators. Combining cell-cycle inhibitors with drugs that 

inhibit DNA repair or cell cycles may also result in synthetic lethality and synergistic cell 

death.247  

2.7 Tumor Immunosuppression  

Generally, breast cancer is not considered immunogenic and is referred to as a cold tumor 

unlikely to trigger a robust immune response. 261 The TME and its stroma support the escape of 

cancer cells from immune surveillance. However, recent reports have shown a correlation 

between increased tumor-infiltrating lymphocytes and improved disease-free survival rates in 

TNBC.262 Tumor cells, CAFs, myeloid-derived suppressor cells (MDSCs), tumor-associated 

macrophages (TAMs), and regulatory T cells (Tregs) release significant quantities of growth 

factors, cytokines, and chemokines, including IL -6, forkhead box O3 (FOXO3), transforming 

growth factor ɓ (TGFɓ), prostaglandin-endoperoxide synthase 2 also known as cyclooxygenase-

2 (COX-2), VEGF, serum-derived factor 1 (SDF-1), CXCL1/2, and IL-1ɓ that considerably 

contribute to an overall immunosuppressive TME.263 Ongoing clinical studies attempt to evaluate 

the tumor stromal activity and responsiveness before and during anticancer treatment 

(NCT03165487).264 Defining the phenotype of immune cells invading tumors is an expanding 

field of study, which could provide significant predictive and prognostic values in deciding the 

course of treatment for the patients. 
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The immunosuppressive factors mediate therapeutic resistance by inhibiting the critical cellular 

antitumor effector CD8+ T cells that detect and directly kill tumor cells. With acknowledgment 

of the obstacles of classifying each single immune cell type as a pro- or anti-tumor, in general, 

the infiltration of tumors by CD8+ cytotoxic T cells, CD4+ Th1 T cells, natural killer (NK) cells, 

and type1 macrophages (M1) indicates a favorable prognosis in many cancers.265-266 In contrast, 

the presence of TAMs, MDSC, and Treg cells, as well as their associated cytokines (IL-6, IL-10, 

IL -23, and TGF), is linked with a worse prognosis.267-268  

2.8 Hyaluronic acid in Immune Modulation 

The presence of HMW HA in tumors displays anti-inflammatory and immunosuppressive 

properties, whereas low molecular HA can induce inflammation, such as activation of murine 

alveolar macrophages or maturation of dendritic cells (DCs).29, 269-270  Besides the activation of 

macrophages and dendritic cells, LMW HA can stimulate the expression of proinflammatory 

TNFŬ, IL-1ɓ, and IL-1271 and bind to TLR-4 for innate immunity activation.272 Moreover, HA is 

implicated in DCs, monocyte, and macrophage trafficking and activation in the lymphatics and 

solid tumor tissues. According to De la Motte et al., the HA chains form massive cable-like 

structures to provide a surface for leukocyte attachment for immune response modulation.273 In 

addition, the number of TAMs is correlated with HA accumulation in tumors, and TAMs 

preferentially infiltrate tumors that are rich in HA to aid in tumor vascularization and growth.274 

Interestingly, the upregulation of HAS2 in CSCs is critical for the interaction between TAMs and 

CSCs to enhance CSCs self-renewal and metastasizing variants capable of invasion and growth 

in the bone environment.275  

2.9 Tumor-Infiltrating Lymphocytes 

Primed by DCs, NK, and CD4+ T cells, the antigen-specific CD8+ T cell expansion is crucial in 

the antitumor adaptive immune response.276 Activated  CD8+ T lymphocytes interact, by their 

clonally unique T cell receptor (TCR), with the major histocompatibility complex (MHC) 

/antigen expressed on tumor cells.276 Then, the calcium-dependent release of lytic granules 

perforin and granzymes diffuse through the membrane pores of cancer cells for serine protease 

triggered caspase(s) activation leading to apoptosis of the target cell. In addition, CD8+ T cells 

also secrete cytokines, such as TNF-Ŭ and IFN-ɔ, that are associated with boosting the antitumor 
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immunity effect.276 Moreover, CD8 T lymphocytes can be physically excluded from being close 

to cancer cells due to dense fibrous structures in the solid tumors.276 The inability of CD8 T 

lymphocytes to penetrate tumor cells is an important cause of immunotherapy resistance in 

cancer. In the tumor stroma, macrophages facilitate the entrapment of lymphocytes by 

establishing long-lasting contacts with CD8 T cells.277 Therefore, reducing macrophage-

mediated T cell exclusion that can enhance tumor monitoring by CD8 T cells and improves 

tumor sensitivity to therapy.277 

2.10 Immunogenic Cell Death (ICD) 

Some DNA-damaging chemotherapies have a significant immune-modulatory effects that 

encourage neo-antigen formation and activation to elicit an enhanced immunological response. 

Immunogenic cell death (ICD) is a type of cancer cell death triggered by certain 

chemotherapeutic drugs such as doxorubicin, photodynamic therapy, and radiotherapy. ICD 

comprises the release of damage-associated molecular patterns (DAMPs) from dying tumor cells 

that activate tumor-specific immune responses and enhance the efficacy of anticancer drugs.278  

The DAMPs include the cell surface exposure of calreticulin (CRT), extracellular release of 

adenosine triphosphate (ATP), production of high-mobility group box-1 (HMGB1), type I IFNs, 

and members of the IL-1 cytokine family.279 The released DAMPs promote the recognition of 

tumor antigens by dendritic cells (DCs) for their activation and maturation and enhance T cells 

infiltration into the tumors turning immunosuppressive ñcoldò tumors into immune-responsive 

ñhotò tumors.  Dying cancer cells treated with doxorubicin would expose calreticulin on the 

plasma membrane, and release ATP as they die. The ATP motivates purinergic receptors to 

attract macrophages and DCs into the tumor site.280 Another important type of DAMPS is the 

chromatin binding protein HMGB1 which is a late cell apoptosis signal released from dead 

tumor cells into the extracellular space. HMGB1 activates DCs by binding to toll-like receptor 4 

(TLR4) and induce cancer specific T cell responses to reverse the tumor immunosuppressive 

microenvironment. To summarize, calreticulin, ATP, and HMGB1 bind to CD91, P2RX7, and 

TLR4, respectively, facilitating the recruitment of DCs into the tumor stroma (stimulated by 

ATP), the engulfment of tumor antigens by DCs (stimulated by CRT), and optimal antigen 

presentation to T cells (stimulated by HMGB1).280 Altogether, these processes result in a potent 
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IFN-ɔ-mediated immune response involving cytotoxic T cells to eradicate chemotherapy-

resistant tumor cells. All this is critical to the realization of effective chemo-immunotherapy, 

especially in drug-resistant cancer cells.278-279 Doxorubicin is known to produce DAMPs. 

However, its efficacy is hindered by the induced normal bone marrow suppression that damages 

the immune response of the host.281  

2.11 Tumor-associated Macrophages (TAMs) 

Tumor-associated macrophage infiltration in malignancies, particularly in breast cancer, is 

associated with a worse prognosis, as TAMs play a crucial function in the tumor progression and 

all of the metastatic cascade steps mentioned earlier.282 Macrophages arise from blood 

monocytes in bone marrow (monocyte-derived or tissue-resident macrophages). The TAMs 

secrete tumor-derived stimuli such as anti-inflammatory cytokines IL-4, IL-10,  TGF-ɓ, 

glucocorticoids282; are identified by the following markers: decoy IL-1R II receptor, arginase-1, 

macrophage scavenger receptor I (CD204) and mannose receptor (CD206).283 In addition, in vivo 

and in vitro studies have shown that the presence of CD11b and F4/80 TAMs are significantly 

associated with poor TNBC prognosis.284 In contrast, the classically activated macrophages are 

pro-inflammatory as they can present tumor antigens to trigger adaptive T-cell immunity for 

anti-tumor activity. These macrophages are identified by the following receptors CD16, 

inducible NO synthase (NOS), CD86, CD80, the IL-1 receptor, primary major histocompatibility 

complex class II (MHC II), and TLR 2,4.282  

Multiple macrophage-targeted therapies are undergoing preclinical and clinical testing. For 

example, inhibiting the colony-stimulating factor-1 receptor (CSF1R) signaling pathway is one 

strategy used to deplete TAMs; while other strategies attempt to reprogram the TAMs toward the 

classically activated phenotype.285  

2.12 Other Immune-based Medicines 

The chimeric antigen receptor T cell (CAR-T cell) therapies may successfully treat hematologic 

cancers and have shown promise in treating solid tumors.286 Nevertheless, current obstacles in 

CAR-T cell treatment include the induction of tumor resistance due to antigen escape, limited 

access to solid tumors due to physical TME barriers, the immunosuppression of the TME due to 
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increased TAMs, Tregs, and MDSCs, and severe systemic cytokine release associated toxicity.286 

In addition to the molecular obstacles, CAR-T cells are exceedingly ñexpensiveò to produce, 

requiring a complex ñmanufacturing processò, and complex auto-grafting, which restricts their 

use in cancer patients.286  Figure 11 provides a summary of the challenges faced by CAR T-cell 

immunotherapy for solid tumors treatment.  

Other immune drug combination strategies include combining PARPi with immunotherapies like 

anti-CTLA4 (cytotoxic T-lymphocyte-associated protein 4, an immune checkpoint regulator) and 

anti-PD1/PDL-1 and are now undergoing clinical testing.287 In addition, there is evidence that 

BRCA deficiency generates STING (Stimulator of Interferon Genes)-dependent innate immune 

response, which may also affect the anti-tumor impact of PARPi/immunotherapy medication 

combinations.288 

 

Figure 11. Challenges of CART cell immunotherapy in solid tumors. Due to tumor 

heterogeneity, there could be a partial or complete loss of target antigen expression. The ability 
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of CAR-T cells to traffic to and infiltrate solid tumors can be limited by physical tumor barriers 

(the tumor stroma which limit the penetration and mobility of CAR-T cells) and by an 

immunosuppressive tumor microenvironment driven by myeloid-derived suppressor cells 

(MDSCs), tumor-associated macrophages (TAMs), and regulatory T cells (Tregs). Created with 

BioRender.com.  

2.13 Nanomedicine and Barriers to Drug Delivery. 

Despite advances in cancer treatment, TME barriers, drug resistance, and toxicity can still result 

in unsatisfactory therapeutic outcomes.289 Nanomedicine can yield innovative cancer-targeted 

therapies with enhanced drug circulation half -life, controlled release of loaded drugs, enhanced 

therapeutic efficacy, and minimized adverse toxicity.290-292 Nanoparticles are versatile and can be 

designed to be stimuli-responsive to specific properties, such as pH, receptors, temperature, and 

enzymes, for drug delivery applications to improve tumor targeting and accumulation and 

facilitate tumor drug diffusion.  

Conventional chemotherapies have limitations involving rapid drug degradation and elimination, 

poor bioavailability, off-target toxicity, and drug resistance. Nanoparticles (NP)-encapsulated 

drugs can have improved physicochemical properties like solubility, stability, and 

biodistribution, as well as improved tumor accumulation and penetration compared to free drugs. 

In addition, the controlled release of drugs encapsulated in NPs can reduce normal tissue toxicity 

compared to ñfree drugò solutions.293  

Despite the reduction in associated detrimental side effects, approval of nanomedicines of DOX 

and paclitaxel still provided only limited and marginal benefits over traditional formulations.294-

295 Even with the extended half-lives of nanomedicines, biological hurdles still restrict their 

bioavailability.296 For example, the opsonization and sequestration by the mononuclear 

phagocyte system (MPS), random organ accumulation, endosomal and lysosomal enzymatic 

drug degradation, and drug efflux pumps are common obstacles facing nanomedicines.296-297  

Other barriers to NPs that reduce drug tumor accumulation are high intra-tumoral pressure 

resulting from the irregular and aberrant vasculature, the aggressive nature of cellular growth 

producing fibrotic tumors with a denser ECM and exacerbated stroma by the impaired 

lymphatics.298  
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2.13.1 Active versus Passive Targeting in Drug Delivery 

Cancer nanomedicine is being developed in clinics to treat numerous diseases, including solid 

tumors.299 Tumor tissues often lack proper lymphatic drainage, resulting in irregular transport 

dynamics, particularly for macromolecular therapeutics. In passive targeting, the therapeutic 

agents exploit the leaky vasculature endothelium of solid tumors through passive diffusion to 

selectively accumulate in the tumor site due to the enhanced permeability and retention (EPR) of 

the impaired tumor vasculature.300 The inefficient lymphatic drainage in the solid tumor also 

prolongs the retention of NP in tumors. Macromolecules such as bradykinin, nitric oxide, 

prostaglandins, and VEGF are reported to aid in the extravasation of NP in solid tumor tissues by 

enhancing the EPR effect.301 The EPR effect helps to explain the tendency for molecules of 

specific sizes to accumulate much more in tumor sites than in normal tissue.302 The fundamental 

reason for this behavior is that the vasculature of the tumor expands rapidly, stimulated by VEGF 

and other growth factors, resulting in defects in shape and structure of the blood vessels formed 

which are poorly aligned with aberrant endothelial cells and extensive fenestrations that lack a 

smooth muscle layer and have a larger lumen.303 The physicochemical properties of NP, such as 

size, shape, surface charge, and polydispersity, are known to substantially impact the EPR 

effect.300, 304-305 However, emerging research indicates that relying on the EPR effect alone is 

limited and insufficient for effective cancer cell targeting.306 For example, the heterogeneous 

TME of solid tumors contains CAFs and TAMs that contribute to tumor progression through 

increased ECM density and high interstitial fluid pressure that limits NPs penetration, tumor cell 

drug exposure and therapeutic efficacy.292, 304, 307   

In contrast, active targeting by functionalizing NP surfaces with ligands can be used to improve 

the specificity of drug delivery to cancer cells in the complex TME.300 Ligands and their receptor 

interactions can facilitate NP diffusion into tumors through endocytosis to release their cargos in 

a more directed manner for a better therapeutic outcome and reduced off-target toxicities.292  

Common ligands such as antibodies (e.g., trastuzumab), small peptides (e.g., RGD), nucleic 

acids (e.g., aptamers), or other small molecules (e.g., vitamins, carbohydrates, and folic acid) can 

be utilized to target different cell surface receptors such as integrins, HER2, EGFR, transferrin, 

LDLR, and prostate-specific membrane antigen (PSMA).308-310 In addition to targeting cancer 

cells directly, targeting non-tumor stromal cells in the TME may provide therapeutic benefits due 
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to their essential roles in promoting cancer progression.311 Due to the heterogeneity of the TME, 

combination therapies that simultaneously target multiple ligands or intracellular mechanisms of 

cancer and stromal cells can overcome drug resistance and improve therapeutic outcomes311-313. 

For example, functionalized NPs that target cancer and stromal cells at the same time include 

e.g., cancer cells and CAFs312, 314, cancer cells and tumor-infiltrating dendritic cells (TIDCs)315, 

cancer cells and tumor vasculature312, cancer cells and TAMs314-315, and cancer cells and T 

cells.311, 316  

2.13.2 Commonly Targeted Nanoparticles  

Receptor-mediated drug delivery can enhance efficacy and tumor drug uptake while decreasing 

off-target toxicities. Overexpressed receptors in cancer cells can provide a treatment window for 

rational, tailored treatment development specific to the dysregulated pathways using tumor-

targeted drug delivery vehicles and ligands that hold the potential to be translated into the clinic. 

Lipid nanoparticles such as liposomes, micelles, lipid nano-emulsions, and solid lipid 

nanoparticles (SLNs) can self-assemble due to the presence of hydrophobic fatty acid tails and 

hydrophilic, electrostatic head groups; they are biocompatible and biodegradable.317-320 Inorganic 

nanoparticles can include gold nanoparticles (AuNPs) that are useful in photothermal therapy 

and imaging but can be limited by ROS, apoptosis, necrosis, and mitochondrial toxicities.321-322 

Iron oxide nanoparticles (IONPs) were developed in the late 1980s as contrast agents for MRI. 

323 Silicon oxide nanoparticles (SONPs) have good biocompatibility, low cost, and 

manufacturing controllability, in addition to being generally recognized as safe by the FDA, 

thereby improving their translation in the clinic.324-325 Poly-lactic-co-glycolic (PLGA), alginate, 

chitosan, or HA are commonly used in organic systems326. Physical factors such as permeability 

(or swelling) and release of nanoparticle cargo at different pH or temperatures can be considered 

when designing a nanoparticle system.327 Some of the common targeted nanoparticles systems 

and their respective receptors investigated preclinically are summarized in Table 2, along with 

examples of loaded chemotherapies and cancer type. 
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Table 2. A summary of common tumor-targeted receptors on specific types of cancer cells that 

can be exploited using different types of nanoparticles carrying specific drugs.  

Targeted receptor Cancer Nanoparticle Drug 

Transferrin to transferrin 

receptors 

Breast & 

Glioma 
Micelles & liposomes 

Doxorubicin & 

paclitaxel328-330 

Folic acid to folate 

receptors 

Lung & 

Cervical 

Liposomes, Micelle, 

& organic polymers 

Doxorubicin 

methotrexate, & 

cisplatin.331-334 

RGD peptide to Ŭvɓ3 

integrin 

Glioma, 

Breast, 

melanoma, & 

endothelial 

Micelles, silicas, & 

direct conjugation 

Doxorubicin, mitomycin 

(MMC), paclitaxel 

& camptothecin.307, 335-

340 

Antibody to prostate-

specific membrane antigen 
Prostate 

Poly(Lactic-co-

Glycolic Acid) 

(PLGA), 

poly(amidoamine) 

polymer, & PAMAM 

dendrimers 

Fluorophores, docetaxel, 

& short hairpin RNA.341-

343 

Trastuzumab to human 

epidermal growth factor 

receptor 2 (HER2) 

Breast 
Gelatin conjugated 

directly 

Docetaxel, 

maytansinoid, & 

rapamycin.344-345 

Tamoxifen or estradiol to 

estrogen receptors 
Breast 

Gold, & carbon 

nanotube 

Tamoxifen, doxorubicin, 

& paclitaxel.346-347 

Antibodies to C-X-C 

chemokine receptor type 4 

(CXCR4) 

Breast & 

Lung 
Liposomes, chitosan 

Doxorubicin & 

docetaxel.348-350 

Hyaluronic acid to the 

cluster of differentiation 

44 (CD 44) 

Prostate 

lymphoma & 

Breast 

Micelle, organic 

polymers, and 

Doxorubicin, paclitaxel, 

& cyclophosphamide.351-

352 

Cetuximab or antibodies 

to epidermal growth factor 

receptor (EGF) 

Pancreatic &  

Lung 
Liposomes 

Gemcitabine & 

doxorubicin.353-354 

Elastin-like polypeptide 

(ELP)-activator protein 1 

(AP-1) to the interleukin-4 

receptor (Il -4) 

Colon, 

glioma, lung 
Liposomes Doxorubicin.355-358 
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2.13.3 mRNA Nanoparticles Therapeutics 

The potential of nanomedicine to resolve unmet medical challenges has been demonstrated 

widely by the recent development of COVID-19 vaccines.359 Lipid nanoparticles protect the 

mRNA from degradation and stabilize the transported mRNA to the correct location in vivo. 

Lipids contain positively charged groups that can self-assemble with the negatively charged 

mRNA to form the NPs.360 The success of Moderna and BioNTech/Pfizer COVID-19 vaccines 

has encouraged the use of  mRNA technology as a platform for treating more complex diseases 

like cancer.361 However, compared to vaccine sensitization therapy, the solid tumor usually 

requires much more protein to be expressed over a more extended time, suggesting greater and 

more frequent dosing, and raising the risk of toxicity. Below in Table 3 are some of the mRNA-

encapsulated lipid-based NPs under investigation in clinical trials for solid tumors.359  

Table 3. Selected mRNA nanoparticles therapeutics in development for solid tumors spiked by 

the COVI-19 vaccine. Reproduced with permission from the publisher 359. 

Drug Company 
Encoded 

protein(s) 
Delivery method Status 

mRNA-2752 Moderna 
OX40 ligand, IL-23, 

IL -36 

Intratumoral (TNBC, 

Melanoma, and Non-

Hodgkins Lymphoma) 

Phase I 

SAR441000 

(BNT131) 

Sanofi, 

BioNTech 

IL -12, IFNŬ, GM-

CSF, IL-15 
Intratumoral (Melanoma) Phase I 

BNT141 BioNTech 
Claudin18.2 

antibody 

LNP IV (Metastatic 

CLDN18.2-positive 

Gastric, Pancreatic, 

Ovarian and Biliary Tract 

Tumors) 

Phase 

I/II  

BNT151 BioNTech Modified IL-2 

LNP IV (solid tumors that 

are metastatic unresectable 

with no available standard 

therapy) 

Phase 

I/II  



 

49 

 

BNT152 + 

BNT153 
BioNTech IL -7 or IL-2 

LNP IV (solid tumors that 

are metastatic unresectable 

with no available standard 

therapy) 

Phase I 

 

2.13.4 Integrin-targeted Therapy 

The interest in developing integrin inhibitors is primarily attributed to the increased 

understanding of the role of integrins in tumor biology and metastasis progression and the 

elucidation of RGD as the minimum peptide sequence required for integrin binding.362-363 

Various molecules, such as monoclonal antibodies and peptide inhibitors, are designed for 

preferential binding to Ŭvɓ3 integrin through the RGD sequence directly to inhibit tumor 

proliferation and vasculature formation. The affinity of conventional linear RGD peptides is 89 ° 

12 nM and 440 ° 65 nM to Ŭvɓ3 and Ŭvɓ5, respectively.363 The chemical structure of the linear 

RGD peptide is showing in Figure 12. The flanking groups or steric conformations of RGD-

peptides can affect its ligand binding affinity and selectivity.364 Cyclized RGD peptides have 

improved binding properties over linear peptides as the latter peptides may be more prone to 

degradation. The cyclized peptides are rigid and therefore are more stable, specific, and 

selective.364 Cyclization of RGD peptides resulted in the development of the cyclic peptide 

c(RGDfK) developed by Kessler and co-workers.22-24 However, many other groups have 

attempted to improve the integrin Ŭvɓ3 binding affinity with multivalent cyclic RGD peptides to 

improve integrin inhibition and cellular uptake.364-365 
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Figure 12. The chemical structure of the basic linear tripeptide RGD as the minimum amino acid 

sequence required for integrin binding. Linear RGD peptides have lower binding affinity, rapid 

degradation by proteases, and lack of specificity for integrin binding  in comparison to cyclized 

RGD peptides that are more rigid with increase affinity and selectivity to ŬVɓ3 integrin. 

The peptide mimetic Cilengitide was developed to target the Ŭvɓ3 and Ŭvɓ5 integrins with an 

affinity of 0.6 ° 0.6 nM and 8.4 ° 2.1 nM for orthotopic glioblastoma (GBM) treatment.366-367 

The chemical structure of the cyclic Cilengitide is shown in Figure 13. However, as a 

monotherapy, Cilengitide did not demonstrate improvement over conventional 

chemoradiotherapy or as a monotherapy in clinical trials.366-368 Nonetheless, integrins-targeted 

RGD peptides remain an important tool in cancer treatment.368  
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Figure 13. The chemical structure of the cyclic peptide RGD-based Cilengitide developed to be 

more selective than the linear peptide with a stronger affinity to integrins. 

2.13.5 RGD-nanoparticles   

The use of RGDs can enhance drug delivery either via direct conjugation to drugs or via 

modifying the surface of nanoparticles loaded with drugs.369-370 Thus, in addition to the passive 

targeting of tumors via the EPR effect, nanocarriers engrafted with RGD-peptides allow for 

active integrin targeting.369 Different RGD-based peptides directly linked to chemotherapeutics 

like DOX and paclitaxel have demonstrated enhanced tumor uptake and efficacy preclinically.370 

Moreover, RGD-nanoparticles-loaded with chemotherapeutics can protect drugs from 

metabolism and reduce off-target toxicities via receptor-mediated endocytosis.371 Preclinical 

studies have shown that RGD-based peptide nanoparticles improve the effectiveness of loaded 

drugs over free drugs.372 Wu and co-workers pioneered the polymerïlipid hybrid NPs for co-

loading of hydrophobic and hydrophilic anticancer drugs, allowing loading synergistic drug 

combinations to overcome cellular mechanisms of multidrug resistance. The PLN NPs allow the 

loading of multiple drugs with different properties at specific synergistic ratios in the same 

particle system. For example, Wu and co-workers synthesized multiple PLN systems loaded with 
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synergistic combinations, including docosahexaenoic acid (DHA) + mitomycin C (MMC), DOX 

+ MMC, and DHA + MMC. In addition, cRGDfK functionalized solid lipid nanoparticles were 

synthesized by the Wu lab and tested by them in a mouse breast cancer model, in which the drug 

uptake was evaluated using a dorsal skin-fold window chamber tumor model and whole-body 

imaging. It revealed that most particles were found around the tumor vasculature with increased 

hepatic uptake.338, 373-375 The higher hepatic uptake may have been due to increased recognition 

by the MPS of the RGD peptide nanoparticles compared to the non-targeted particles.374-376 

Nonetheless, in a later study, also by this group, optimizing the RGD density on nanoparticle 

surfaces was critical to avoid increased hepatic uptake and tumor accumulation.338, 377 In 2017, 

Zhang et al. designed a DOX-MMC-PLN system conjugated with RGD (Myrj59-cRGDfK) to 

treat TNBC lung metastasis. The NPs successfully targeted the lung metastases and tumor 

vasculature and showed a significant decrease in lung metastases with a ~57% longer median 

survival in a breast cancer experimental metastasis model.376 

Nonetheless, conventional RGD peptides often accumulate around tumor blood vessels and do 

not diffuse throughout the tissue effectively.378 A more advanced tumor-homing peptide, iRGD 

(CRGDK/RGPD/EC) was identified through the screening of bacteriophage (phage) display 

libraries, has been shown to bind to tumor vessels and penetrate deeper into the extravascular 

tumor tissue compared to conventional RGD peptides.379 The binding affinity of iRGD peptide to 

purified Ŭvɓ3 and Ŭvɓ5 is 17 ± 8.6 nM and 61 ± 13.3 nM, respectively. The chemical structure of 

the iRGD peptide is shown in Figure 14.  
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Figure 14. The chemical structure of the cyclic iRGD peptide used in this thesis. The peptide is 

conjugated onto the nanoparticle surface for active tumor targeting. 

The iRGD peptide was regarded as a novel tumor-penetrating peptide, as it differs from 

conventional RGD peptides which only target tumor blood vessels and thus fail to deliver drugs 

deeper into the tumors tissues. On the other hand, the iRGD peptide works by connecting the 

sequence of the RGD peptide with an adjacent neuropilin-1 receptors (NRP-1) that facilitate the 

deep penetration transcytosis into tumor tissues. The iRGD internalization and tumor tissue 

homing and penetration occur through a sequence of events. In the first step, the RGD-peptide 

binds to the endothelial cell expressing the Ŭv integrins.369 In the second step, a protease cleaves 

the iRGD-peptide to expose a cryptic C-end Rule (CendR) motif that interacts with adjacent 

neuropilin-1 receptors and thereby facilitates tumor vascular permeability by endocytosis. The 

proteolytically processed CRGDK fragment loses most of its residual affinity to the integrins 

receptor and acquires a new affinity for adjacent neuropilin-1 receptors that mediate the cargo 

transcytosis.369 The mechanism of the iRGD uptake is elucidated in Figure 15.  

The TNBC brain metastasis significantly reduces patient survival (median survival ~1 year). 

Many available systemic chemotherapeutics cannot cross the blood-brain barrier (BBB), making 

it difficult to treat brain metastasis of TNBC.338, 377 Therefore, Wu and co-workers utilized a 
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multitargeted poly(methacrylic acid)ïpolysorbate 80-grafted-starch (terpolymer) polymer lipid 

nanoparticles (TPLN) that is an iRGD-conjugated (iRGD TPLN) system to deliver DOX and 

MMC by first penetrating the BBB by the terpolymer and then actively targeting the TNBC cells 

and TAMs in brain metastases by the iRGD-peptide. The PS 80 and iRGD enhanced BBB 

penetration via low-density lipoprotein and integrin transcytosis. The developed iRGDïDOXï

MMC TPLN showed higher efficacy in reducing metastatic tumor burden and TAMs and 

prolonged the survival rate of mice bearing experimental orthotopic TNBC brain metastasis 

tumors compared to those of nontargeted TPLNs and free DOX/MMC.338, 377 

Below is the new generation of iRGD (CRGDK/RGPD/EC) structures that follow the multistep 

tumor-targeting mechanism and facilitates NPs transcytosis with deeper penetration into the 

tumor parenchyma compared to conventional RGD peptides. 

 

Figure 15. Multistep Binding and Penetration Mechanism of iRGD. First the RGD part of the 

peptide binds to Ŭvɓ3 and Ŭvɓ5 integrins that are overexpressed on tumor cells and tumor 

vasculature endothelial cells. Second, proteases  cleave  the peptides to expose the activated 
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CendR motif at the C-terminus. In the final step, the CRGDK binds to the adjacent NRP-1 

receptor to penetrate deep into the tumor with the load. Reproduced with permission from.379  
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 Abstract 

Triple negative breast cancer (TNBC) has a poor prognosis due to its aggressive nature, high 

incidence of distant metastasis, and lack of targets for effective therapy. Therefore, a novel 

multifunctional biopolymer-anticancer drug combination nanomedicine is designed for the 

prevention of spontaneous metastasis while treating primary TNBC. Oligomeric hyaluronic acid 

(oHA) and doxorubicin (DOX) at a synergistic ratio against TNBC cells are co-loaded in a 

polymer-lipid hybrid nanoparticle (PLN) which is then functionalized with an internalizing 

cyclic peptide iRGD (iRGD-DOX-oHA-PLN). iRGD conjugation enhances cellular uptake and 

cytotoxicity in vitro and nanoparticle (NP) accumulation in human TNBC tumors that 

overexpress integrins. NP-delivered oHA inhibits cell migration and invasion in vitro via the 

intracellular release of oHA that interacts with the receptor for hyaluronan mediated motility 

(RHAMM) and downregulates the phospho-extracellular signalïregulated kinase (p-ERK) 

signaling pathway. Intravenously injected iRGD-DOX-oHA-PLN significantly inhibits the 

growth of primary TNBC tumors in a mouse model and prevents spontaneous metastasis to the 

lungs and lymph nodes, superior to free solutions of DOX, oHA or both and NP formulations 

loaded with DOX or oHA. These results suggest that iRGD-DOX-oHA-PLN could be a 

promising bioactive polymer-drug combination nanomedicine for the treatment of TNBC and 

prevention of its spontaneous metastasis. 
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3.1 Introduction 

Triple-negative breast cancer (TNBC) is a highly aggressive subtype accounting for about 15-

20% of human breast cancers.380 Compared to other subtypes of breast cancer, patients with 

TNBC are more likely to develop distal metastases, a major cause of death.381-382 Owing to the 

lack of expression of estrogen receptor, progesterone receptor, and human epidermal growth 

factor receptor 2 (HER2), endocrine and anti-HER2 therapies are not effective against TNBC.380, 

382 Current systemic treatment for TNBC is thus limited to conventional anthracycline-taxane-

based chemotherapy.380 Despite initial response to chemotherapy, early relapse and metastases to 

distant organs occur leading to poor prognosis for TNBC patients.380  Therefore, novel therapies 

that exploit multiple targets of TNBC are needed to treat primary tumor and control the 

metastatic spread. 

It has been reported that overexpression of cluster of differentiation 44 (CD 44) receptors and 

receptors for hyaluronan mediated motility (RHAMM) is correlated with increased metastasis in 

patients with aggressive cancers such as TNBC.383-388 Both CD 44 and RHAMM regulate cell 

adhesion, migration, invasion and proliferation during cancer progression and metastasis by 

interacting with native hyaluronic acid (HA), making them attractive targets for drug delivery.116, 

383, 389-391 In particular, HA has been studied extensively for targeting CD 44 on cancer cells or 

cancer stem cells through surface modification of nanoparticles or conjugation with drugs.392-395 

However, the potential of HA, as an anticancer agent, rather than a targeting moiety, has yet to 

be investigated.  

It is known that biological function of HA is highly dependent on its molecular weight (MW).396-

397 The native form of HA, usually with a MW of over 1,000 kDa, contributes to tumor growth 

and metastasis.396-397 In contrast, oligomeric HA (oHA) (MW< ~10 kDa) was reported to reduce 

adhesion, migration and proliferation of cancer cells likely by its antagonistic effect on HA 

receptors.22, 397-401 Conceivably, the use of oHA to disrupt the interaction of native HA with CD 

44 and RHAMM could potentially prevent/reduce metastases of TNBC. Moreover, oHA was 

shown to sensitize cancer cells to chemotherapeutic drugs including doxorubicin (DOX), 

indicating its potential for systemic combination therapy.402-405 Thus, we postulate that co-

encapsulation of oHA with DOX in a nanoparticle (NP) formulation may generate a synergistic 

effect against TNBC and its distal metastasis by inhibiting multiple pathways activated by native 

HA-CD 44/RHAMM interactions, as well as by enhancing DOX uptake and lysosomal escape 
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(Figure 16). In addition to functioning as a co-receptor of CD 44 binding with extracellular HA 

and CD 44 to promote cell locomotion and motility, RHAMM also activates intracellular 

MARK/ERK pathway for microtubule organization and mitotic spindle assembly complex. The 

intracellular delivery of oHA via the NPs could block the interaction of RHAMM with phospho-

extracellular signal-regulated kinase (p-ERK), thus reducing cell proliferation (Figure 16). 

 

Figure 16 Schematic diagram of the synthesis of iRGD-DOX-oHA-PLN via self-assembly, and 

the proposed mechanism of iRGD-DOX-oHA-PLN for TNBC treatment and metastasis 

prevention. 

Although HA conjugation on nanoparticles has been shown to improve drug targeting to CD 44-

overexpressing cancer cells,392-395 it lacks functionality to facilitate tumor vessel penetration, a 

preceding step before reaching the cancer cells. In contrast, RGD peptide-conjugated nanoparticles 

have exhibited capability of increasing tumor uptake and cancer cell binding by targeting integrin 
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avb3/b5 receptors that are highly expressed on tumor neovasculature and TNBC cells.340, 377, 406-

408  In previous work, we engineered cyclic RGD (cRGD)-decorated nanoparticles containing 

synergistic drugs and demonstrated superior efficacy against lung metastases of TNBC in mice.340 

Recently, we conjugated a nine amino acid internalizing cyclic peptide (sequence: CRGDRGPDC, 

iRGD) to the NPs and found significant enhancement of tumor vasculature penetration, tumor 

targeting, and NP efficacy against TNBC brain metastases.377 

Taking advantage of this active targeting strategy,379 in this work we designed iRGD-

functionalized polymer lipid hybrid nanoparticles co-loaded with DOX and oHA (iRGD-DOX-

oHA-PLN) at a synergistic ratio identified by the median effect analysis. This nanoparticle 

system is expected to target multiple signal pathways of HA and integrin receptors thereby 

enhancing drug delivery and therapeutic efficacy against TNBC. 

The effect of the iRGD-DOX-oHA-PLN on simultaneous treatment of primary breast tumor and 

prevention of spontaneous metastasis was evaluated in a murine spontaneous metastasis model of 

TNBC that mimics the clinical disease.409 Primary tumor growth and metastases to the lungs and 

lymph nodes were significantly reduced by iRGD-DOX-oHA-PLN. The inhibition of metastases 

was attributable to the anti-migration/invasion effect of the NP-delivered oHA that not only 

interacted with extracellular CD 44 but also with intracellular RHAMM, thus downregulating the 

p-ERK signaling pathway. The growth of primary breast tumors was also significantly inhibited 

through the synergistic cytotoxicity of the NP-encapsulated DOX and oHA combination 

delivered to the tumor that enhanced apoptosis of cancer cells.  

3.2 Materials and Methods  

3.2.1 Materials  

Polyoxyethylene (100) stearate (Myrj59), Polyoxyethylene (40) stearate (Myrj52), N-(3-

dimethylaminopropyl)-Nô-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide 

(NHS) and all other chemicals unless otherwise mentioned were purchased from Sigma-Aldrich 

Canada (Oakville, ON, Canada). oHA was purchased from Bloomage Biochem Co., Ltd. 

(Shandong, China). Anti-p-ERK, anti-ERK and anti-ɓ-actin antibody were purchased from Santa 

Cruz Biotechnology (Mississauga, ON, Canada). Cyclic peptide iRGD [c(CRGDRGPDC)] was 

purchased from LifeTein (Somerset, NJ, USA). D-Luciferin was purchased from Cayman 

Chemicals (Ann Arbor, MI, USA). DOX HCl was purchased from MedChemExpress 

(Monmouth Junction, NJ, USA). The MDA-MB-231-luc-D3H2LN cell line was purchased from 
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Caliper Life Sciences (Hopkinton, MA, USA). MDA-MB-231-luc-D3H2LN cell line was 

confirmed to be pathogen free by the supplier using IMPACT Profile I (PCR). The cancer cells 

were passaged for <6 months following recovery from frozen stock. 

3.2.2 Preparation and Characterization of Nanoparticles 

The molecular weight of oHA polymer was determined by GPC, which was performed in 0.1 

mol·Lī1 NaNO3 aqueous solution at 35 °C with an elution rate of 0.8 mL minī1 on a system 

equipped with a Waters 1515 isocratic HPLC pump, a Waters 2414 refractive index detector, 

UltrahydrogelÊ 250 column (7.8 × 300 mm) (Milford, MA, USA). The molecular weights were 

determined relative to dextran standards (Sigma-Aldrich, Oakville, ON, Canada). 

DOX and oHA co-loaded polymer lipid nanoparticles (DOX-oHA-PLN) were prepared using a 

one-pot self-assembly method. 407, 410 Briefly, in a 15 mL conical tube a mixture of ethyl 

arachidate (25 mg), polyoxyethylene (40) stearate (2 mg), and polyoxyethylenes (100) stearate (1 

mg) were melted using a water bath at 60°C. Then 100 ɛL of oHA (stock:100 mg/mL), 250 ɛL 

of DOX (stock: 10 mg/mL), and 50 ɛL of PluronicÈ F-68 (PF 68) (stock: 100 mg/mL), all 

dissolved in distilled deionized (DDI) water, were added to the tube and stirred with a magnetic 

stirrer bar for 20 min at 60°C. The suspension was emulsified at 60 °C at 100% peak power for 5 

min using a Hielscher UP 100H probe ultrasonicator (Ringwood, NJ, USA), followed by quick 

transfer of the emulsion into 2.1 mL of saline or 5% dextrose being stirred on ice to produce the 

DOX-oHA-PLN. To synthesize iRGD-conjugated DOX-oHA-PLN (iRGD-DOX-oHA-PLN), 

Myrj59-iRGD synthesized and characterized as previously described, 407-408 was used instead of 

unconjugated Myrj59 followed by the same NP preparation process. The TEM images of the 

nanoparticles were acquired using a Hitachi H7000 electron microscope (Hitachi Canada, Ltd., 

Mississauga, Ontario, Canada) at accelerating voltage of 100 kV. The amount of RGD peptide 

on the PLN was quantified with 9,10-phenanthrenequinone and the CBQCA fluorescence 

quantification kit adopted from literature and the optimum % RGD concentration relative to total 

PEG chains on the nanoparticle surface was determined as shown in our previously published 

studies.340, 411 To synthesize nanoparticles without oHA (i.e., DOX-PLN and iRGD-DOX-PLN), 

hydrolyzed polymers of epoxidized soybean oil (HPESO) was used instead of oHA for loading 

DOX. HPESO was synthesized by using an established method described in detail elsewhere.412 

Nanoparticles without DOX, oHA or both (oHA-PLN, iRGD-oHA-PLN, SLN or iRGD-SLN) 

were prepared by the same method without the addition of DOX solution or oHA solution. Solid 
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Lipid Nanoparticles (SLN) is the term used to describe nanoparticles synthesize with no oHA, or 

DOX and contain water to compensate for the missing drugs volume.  

 

Particle size and zeta potential were measured with a Malvern Zetasizer Nano ZS 

(Worcestershire, UK). The DOX and oHA co-loaded NP suspensions were centrifuged at 8,000 g 

for 15 min through a 0.1 µm filter unit (Millipore, Etobicoke, ON, Canada) to remove the 

particle encapsulated drugs. The free DOX and oHA concentration in the filtrate was assayed 

spectrophotometrically (Molecular Devices, San Jose, CA, USA) and by GPC, respectively, to 

calculate the drug loading content (% wt encapsulated drug/wt NPs) and encapsulation efficiency 

(% wt encapsulated drug/wt total drug). The release profiles of DOX and oHA from iRGD-

DOX-oHA-PLN in phosphate-buffered saline (PBS) solutions (pH = 7.4, 6.8, or 5.0) was 

determined by a dialysis method using a dialysis membrane (Spectrum Laboratories, Inc. Rancho 

Dominguez, CA, USA) with a 12 kDa molecular weight cut-off (MWCO). Phosphate buffer was 

used for pH 7.4 and 6.8, and phosphate and citrate buffer were used for pH 5.0. iRGD-DOX-

oHA-PLN and free DOX/oHA solutions contained DOX and oHA at a mass ratio of 1:4. 

An in vitro binding assay was performed to evaluate the binding of iRGD-conjugated 

nanoparticles to Ŭvɓ3 receptor as previously described 408, 413. A 96-well high binding microtiter 

plate (Greiner, Monroe, NC, USA) was coated with 1 ɛg mL-1 Human integrin Ŭvɓ3 receptor 

protein (R&D systems, Minneapolis, MN, USA) in Supplemented Tris Buffer (STB, 20 mM 

TrisïHCl (pH 7.4) with 150 mM NaCl, 1 mM MnCl2, 2 mM CaCl2, and 1 mM MgCl2) or 

protein-free Tris buffer overnight at 4 °C. The wells were further blocked with bovine serum 

albumin for 3 h at 37 °C followed by washing. boron-dipyrromethene (Bodipy) 493/503-loaded 

oHA-PLN and iRGD-oHA-PLN was incubated in wells with or without human integrin Ŭvɓ3 

receptor protein for 1 h at 37 °C, followed by three washes with STB. The fluorescence intensity 

of Bodipy 493/503-loaded nanoparticles was assayed spectrophotometrically at excitation and 

emission wavelength of 493 and 530 nm. 

3.2.3 Cell Culture  

Human MDA-MB 231-luc-D3H2LN cells were grown in cell culture flasks (Corning, Corning, 

New York, USA) in growth medium made from alpha-modified minimal essential medium (Ŭ-

MEM) (Gibco-Life Technologies, Burlington, ON, Canada) supplemented with 10 % fetal 
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bovine serum (FBS) (Invitrogen Inc. Burlington, ON, Canada) at 37 °C in a humidified incubator 

with 5% CO2 atmosphere. 

3.2.4 In Vitro Viability  

Assay and Synergy: MDA-MB-231-luc-D3H2LN cells were plated at a density of 10,000 cells 

per well in 100 µL of growth medium in 96-well plates (R&D systems, Minneapolis, MN, USA) 

overnight for 18 h. To determine the optimal oHA:DOX ratio, cells are then treated with DOX 

and oHA at the following oHA:DOX mass ratios: 0:1, 1:1, 2:1, 4:1, 6:1, 8:1 and 10:1 at fixed 

[DOX] of 0.1 ɛg/mL for 24 h. Cell viability at the end of 24 h was measured by MTT assay. To 

each well, 100 µL of 1.2 × 10-3 M MTT in Ŭ-MEM was added followed by 4 h of incubation at 

37 ÁC. Then, 50 ɛL of dimethyl sulphoxide (DMSO) was added to each well and incubated for 

20 min at 37 °C. The concentration of formazan was analyzed with SpectraMax M2 microplate 

reader (San Jose, CA, USA) at 540 nm.  

After the ratio of oHA:DOX to be used was determined, the MTT assay was used to evaluate the 

synergism of DOX and oHA and cytotoxicity of iRGD-DOX-oHA-PLN. The mass ratio of DOX 

to oHA in any formulation that contains the combination was fixed at 1: 4 for all in vitro and in 

vivo evaluations. MDA-MB 231-luc-D3H2LN cells were seeded at a density of 10,000 cells per 

well in 96-well plates for 18 h. The cells were treated for 1 h with free solution or nanoparticle 

formulation of DOX, oHA or DOX/oHA combination with a range of [DOX] of 0.01-50 µg/mL 

or [oHA] of 0.04-200 µg/mL. After being washed three times with PBS, the cells were incubated 

in growth medium for a further 24 h. Cell viability was measured using MTT assay as described 

above. Median effect analysis was conducted as previously described to generate the median 

effect plot and combination index (CI) based on the cytotoxicity of DOX and oHA alone or in 

combination.340, 414 Values of CI <1, =1, and >1 indicate synergism, additive effect, and 

antagonism, respectively. 

3.2.5 In Vitro Cellular Uptake  

oHA was covalently conjugated to Cyanine5 (Cy5) amine (Lumiprobe, Hunt Valley, MD, USA) 

via NHS/EDC coupling to track the uptake of oHA. To evaluate the cellular uptake of DOX and 

oHA, cells were seeded at a density of 300,000 cells per well in 2 mL of growth medium in 6-

well plates (Sarstedt, Saint Léonard, QC, Canada) and incubated for 18 hours at 37 ̄C, 5% CO2. 

Following the addition of saline, free DOX + oHA, DOX-oHA-PLN or iRGD-DOX-oHA-PLN 

at [DOX] of 3.3 µg mL-1 for 1 h, the medium was removed and the cells were trypsinized, fixed 
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with 1% paraformaldehyde and washed three times with PBS. The cells were then analyzed 

using a BD FACSCanto þow cytometer (BD Biosciences, USA) at ɚex = 488 nm for DOX and at 

ɚex = 633 nm for Cy5-conjugated oHA (oHA-Cy5). Data were gated and analyzed using FlowJo 

(FlowJo LLC, Ashland, OR, USA). 

The uptake of DOX and oHA was also examined in MDA-MB-231-luc-D3H2LN cells using 

confocal microscopy. Cells were seeded at densities of 300,000 cells in 3 mL of growth media on 

35 mm glass-bottom culture dish (MatTek Corporation, Ashland, OR, USA) and incubated for 

18 h at 37 °C, 5% CO2. Cells were then treated with free DOX + oHA, DOX-oHA-PLN or 

iRGD-DOX-oHA-PLN for 1 h, followed by medium removal and fixation by 1% 

paraformaldehyde. Hoescht 33342 was added for nuclei staining 10 min prior to medium 

removal. The cells were fixed with 4% paraformaldehyde and washed three times with PBS and 

imaged at ɚexcitation of 405 nm (blue, Hoescht 33342), 488 nm (green, DOX) and 638 nm (red, 

Cy5-oHA) using Leica TCS SP8 confocal microscope (Concord, ON, Canada). 

3.2.6 In Vitro Anti-metastasis Assays  

The wound healing, transwell migration and invasion assays were used to evaluate in vitro anti-

metastasis effect of NPs in MDA-MB-231-luc-D3H2LN cells. For wound healing assay, MDA-

MB-231-luc-D3H2LN cells were cultured for 24 h in 24-well high MW HA (MW = ~1,000 kDa, 

Bloomage Biochem, Shandong, China)-coated plates at 2 × 105 cells per well at 37 ̄C, 5% CO2. 

Once confluent, the cell monolayers were scratched by 100 uL pipette tip and rinsed twice with 

PBS. Cells were then treated for 24 h with fresh growth medium containing saline, SLN, iRGD-

SLN, free oHA, oHA-PLN or iRGD-oHA-PLN at 10 µg mL-1 of oHA After another two rinses 

with PBS, the images of the scratched areas were captured using an AMG EVOS FL 

fluorescence microscope (Thermo Fisher Scientific, Inc., Waltham, MA, USA). For transwell 

migration or invasion assay, cells were plated in 25 ml tissue culture flasks (Sarstedt, Saint 

Léonard, QC, Canada) overnight at 37 oC, 5% CO2. Cells were then treated with saline, SLN, 

iRGD-SLN, free oHA, oHA-PLN, iRGD-oHA-PLN at [oHA] of 10 µg mL-1 for 24 h before 

trypsinization and transference to the top chamber of the transwell apparatus (Corning, Inc., 

Corning, NY, USA) in FBS-free growth medium. The bottom chamber was filled with growth 

medium containing 10% FBS. For transwell invasion assay, the inserts were coated with 

Matrigel® Matrix (Corning, Inc., Corning, NY, USA) before cell transfer. The cells were then 

allowed to migrate or invade to the bottom side of the insert for 24 h. The cells on the upper 
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surface of insert were removed with cotton swabs before the cells on the bottom side were 

stained by 0.1% crystal violet in 70% ethanol solution. Images of the bottom of the insert were 

captured using EVOS XL Core imaging system (Thermo Fisher Scientific, Inc., Waltham, MA, 

USA). 

3.2.7 Subcellular Fate of HA In Vitro  

To investigate the secretion of oHA after internalization of NPs in MDA-MB-231-luc-D3H2LN 

cells, cells plated in T25 tissue culture flasks (Sarstedt, Saint Léonard, QC, Canada) were first 

incubated with Cy5-labeled iRGD-oHA-PLN for 0.5 h at 37 °C in growth medium, 5% CO2, 

followed by media removal. Cells were then washed with warm growth media twice, and 

cultured in growth media. One-hundred ɛL of medium is sampled at 0, 1, 4, 24, 48 h following 

media replenishment and assayed by SpectraMax M2 microplate reader (San Jose, CA, USA) for 

the fluorescence signal of secreted oHA-Cy5 at ɚex = 640 nm and ɚem = 670 nm. Relative 

fluorescence of samples at each time point is calculated based on the fold-change compared to 

the fluorescence of samples at 0 h. 

To examine the intracellular fate of oHA following its delivery to MDA-MB-231-luc-D3H2LN 

cells by iRGD-oHA-PLN, oHA-Cy5 was also examined using Leica TCS SP8 confocal 

microscope. Cells were plated at densities of 200,000 cells in a 35 mm glass-bottom culture dish 

and incubated for 18 h in 3 mL of growth medium at 37 °C, 5% CO2. Cells were then treated 

with iRGD-oHA-PLN for 0.5 h, followed by medium removal. Prior to confocal imaging at 

predetermined time points (0 h, 4h and 24 h), Hoechst 33342 (Thermo Fisher Scientific, 

Waltham, MA, USA) and LysoTrackerÊ Red DND-99 (Thermo Fisher Scientific, Waltham, 

MA, USA) were added for nuclei staining and lysosome staining, respectively, for 10 min, 

followed by cell washing twice with pre-warmed PBS and cell fixation in 4% paraformaldehyde.  

To investigate the relationship of intracellular oHA and RHAMM, MDA-MB-231-luc-D3H2LN 

cells were exposed to iRGD-oHA-PLN for 1 h. Cells were fixed by 4% paraformaldehyde and 

stained with human anti-RHAMM antibody (Santa-Cruz, Dallas, TX, USA) and Hoechst 33342 

18 h after the treatment. Cells were imaged with bright field, 405 nm (blue, Hoechst 33342), 488 

nm (green, FITC labeled RHAMM) and 655 nm (red, oHA-Cy5) using Leica TCS SP8 laser 

scanning confocal microscope. 
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3.2.8 Western Blotting of p-ERK  

MDA-MB-231-luc-D3H2LN cells were cultured in tissue culture flasks until they reached ~80% 

confluency. Cells were then treated with saline, iRGD-SLN, free oHA, oHA-PLN, iRGD-oHA-

PLN at [oHA] of 10 ɛg mL-1 for 4 h prior to evaluation of p-ERK levels via western blot. The 

cell extracts were obtained by radioimmunoprecipitation assay (RIPA) buffer (Thermo 

Scientific, Waltham, MA, USA) supplemented with protease and phosphatase inhibitors 

(Thermo Scientific, Waltham, MA, USA). The extracted protein amounts were determined by 

PierceÊ BCA Protein Assay Kit (Thermo Scientific, Waltham, MA, USA), and protein samples 

were heated at ~95 °C for ~5 min before separation by electrophoresis in gradient 

polyacrylamide gels (Bio-Rad, Hercules, CA, USA) and transferred to polyvinylidene difluoride 

(PVDF) membranes (Bio-Rad, Hercules, CA, USA). Following 1 h blocking, PVDF membranes 

were incubated with primary anti-p-ERK1/2, anti-ERK1/2 or anti-ɓ-actin antibody (Santa Cruz 

Biotechnology, Mississauga, ON, Canada) at 4 °C overnight. The membranes were then 

incubated with secondary antibodies for 1 h before reaction with luminol-based enhanced 

chemiluminescence horseradish peroxidase substrate (Thermo Scientific, Waltham, MA, USA). 

The images were captured by ChemiDocÊ MP Imaging System (Bio-Rad, Hercules, CA, USA), 

and analyzed by Image Lab Software (Bio-Rad, Hercules, CA, USA). The band intensities of p-

ERK were normalized to ɓ-actin, and the p-ERK/ɓ-actin band intensity ratio from the treated 

groups was compared to the saline-treated group.  

3.2.9 PAI-1 ELISA 

MDA-MB-231-luc-D3H2LN cells at density of 300,000 cells per well were plated in 6-well 

plates overnight before their media were replaced with new growth media. Cells were then 

treated with saline, iRGD-SLN, free oHA, oHA-PLN, iRGD-oHA-PLN at [oHA] of 10 µg mL-1 

for 12 h. The cell culture media were collected and secreted PAI-1 level was measured using 

human PAI-1 ELISA kit (Abcam, Toronto, ON, Canada). 

3.2.10 Animal Models 

All animal handling and procedures were conducted under an approved protocol from the 

Animal Care Committee at the Ontario Cancer Institute (Toronto, ON, Canada). A spontaneous 

metastasis murine model of triple negative breast cancer was established by orthotopically 

implanting bioluminescent luciferase expressing MDA-MB-231-D3H2LN human breast cancer 

(106 cells suspended in Ŭ-MEM) at the right inguinal mammary fat pad of 5-7 weeks old female 
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NRG mice (Ontario Cancer Institute, Toronto, ON, Canada). Metastases to distal sites, such as 

lungs and axillary lymph nodes was monitored by luciferin-induced bioluminescence imaging 

(15 mg/kg luciferin, 200 ɛL, intraperitoneal injection 10 min prior to imaging) using a Xenogen 

IVIS spectrum imager (Caliper Life Sciences, Hopkinton, MA, USA). 

3.2.11 In Vivo Biodistribution Study  

oHA was covalently conjugated to a near-infrared dye Cy7 (Lumiprobe, Hunt Valley, MD, USA) 

via EDC/NHS coupling. The Cy7-labeled NPs were prepared in the same procedure as described 

for the NPs without any fluorescent label except that the oHA was replaced by Cy7-labeled oHA 

(oHA-Cy7). The biodistribution was examined by in vivo whole body and ex vivo organ 

þuorescence imaging after intravenous injection of 200 µL of stock Cy7-labeled DOX-oHA-

PLN or iRGD-DOX-oHA-PLN in the NRG mouse model of MDA-MB-231-D3H2LN orthotopic 

breast tumor. The whole body in vivo biodistribution of the NPs was recorded at various time 

points up to 72 h with excitation and emission wavelengths of 745 nm and 820 nm, respectively, 

using the Xenogen IVIS spectrum equipment. The liver, spleen, kidneys, heart, and lungs were 

excised and immediately imaged with the imager at 24 h. The fluorescence intensity emitted was 

quantified with Living Image software over the region of interest (ROI). The fluorescence 

signals of Cy7-conjugated NPs from major organs were quantified and presented as fold-change 

from their respective background signal. 

3.2.12 Evaluation of In Vivo Therapeutic Efficacy on Primary Breast 
Tumor Inhibition and Spontaneous Metastasis Prevention  

When breast tumor reached ~20 mm3 at ~3 weeks after tumor inoculation, the breast tumor-

bearing mice were treated by intravenous injection of the following preparations: 1) saline, 2) 

free oHA (40 mg kg-1), 3) free DOX (10 mg kg-1), 4) free DOX + oHA (10 mg kg-1 DOX + 40 

mg kg-1 oHA), 5) iRGD-oHA-PLN (40 mg kg-1), 6) iRGD-DOX-PLN (10 mg kg-1 DOX dose), 

7) iRGD-DOX-oHA-PLN (10 mg kg-1 DOX+ 40 mg kg-1 oHA), where the mass ratio of DOX to 

oHA in combination formulations was maintained at 1:4. Fourteen days later, the mice received 

an identical second treatment (recorded as Week 3). The dosing regimen is used as previously 

described.410 Breast tumor size was monitored weekly using a caliper. The tumor size = (width2 × 

length)/2. The spontaneous metastases to the lungs and lymph nodes were monitored weekly by 

detecting the tumor bioluminescence using a Xenogen imager. At week 4, distal metastases were 

examined by resecting major organs for bioluminescence imaging. Fresh lung weight was 
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measured to compare the metastases burden, and immediately fixed in 10% buffered formalin. 

The lungs were coronally sectioned and stained with hematoxylin and eosin (H&E) (CFIBCR 

Histology/Microscope Core Unit, Toronto, ON, Canada). The dark purple metastatic nodules in 

the H&E-stained lungs were quantified by a ñmetastasis area index,ò which was calculated as the 

ratio of metastasis area to total lung area. The areas were analyzed using HALOÊ Image 

analysis software (PerkinElmer, Waltham, MA, USA) for staining quantification. 

3.2.13 Immunohistochemical Staining of Biomarkers in Breast Tumor and 
Organ Toxicity in vivo 

Saline, free DOX (10 mg kg-1 DOX dose), free DOX + oHA (10 mg kg-1 DOX dose), iRGD-

DOX-PLN (10 mg kg-1 DOX dose) or iRGD-DOX-oHA-PLN (10 mg kg-1 DOX dose) was 

injected via tail vein of the breast tumor-bearing mice three weeks after tumor inoculation. 

Breast tumors were resected 24 h after treatment and immunohistochemically stained for the 

apoptosis markers activated caspase-3 and TUNEL. The positively stained cell percentage was 

quantified using Image J (National Institutes of Health, Washington, DC, USA). 

  The breast tumor-bearing mice were intravenously injected with saline, free oHA (40 mg kg-1), 

free DOX (10 mg kg-1 DOX dose), free DOX + oHA (10 mg kg-1 DOX dose), iRGD-oHA-PLN 

(40 mg kg-1), iRGD-DOX-PLN (10 mg kg-1 DOX dose) or iRGD-DOX-oHA-PLN (10 mg kg-1 

DOX dose). Organs including breast tumor, liver, lung, kidney and heart were resected 5 days 

after treatment and fixed in 10% buffered formalin. Breast tumors were sectioned and stained 

with human anti-MMP9 antibody (Abcam, Toronto, ON, Canada) and human anti-PAI-1 

antibody (Abcam, Toronto, ON, Canada). Fixed liver, lung, kidney and heart were then 

examined for toxicity following H&E staining (CFIBCR Histology/Microscope Core Unit, 

Toronto, ON, Canada). 

3.2.14 Statistical Analysis  

All quantitative data are presented as mean ± standard deviation (SD). Student's t-test or one-way 

analysis of variance (ANOVA) followed by Tukeyôs post-hoc test was utilized to determine 

statistical significance between two or more groups, respectively. All statistical tests were done 

in IBM SPSS Software (Chicago, IL, USA). P values < 0.05 were considered significant. 
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3.3  Results and Discussion 

3.3.1 Synthesis and Characterization of Nanoparticles 

The number average MW (MWn) of oHA was determined to be 6,879 g mol-1 with a weight 

average MW (MWw)/MWn = 1.48 by gel permeation chromatography (GPC) (Figure 17a). To 

determine the synergistic ratio of oHA and DOX needed for nanoparticle formulation, various 

mass ratios of oHA/DOX (0-10) were evaluated for their cytotoxicity against human MDA-MB-

231-luc-D3H2LN TNBC cells at a fixed DOX concentration of 0.1 µg mL-1 using 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Higher cytotoxicity of the 

combination was achieved at mass ratios of oHA/DOX from 4 to 10 compared to the ratios 

below this range (p < 0.05, Figure 17b). An oHA/DOX mass ratio of 4:1 was chosen for the 

iRGD-DOX-oHA-PLN formulation since the improvement of cytotoxicity was not significant 

when higher ratios of oHA were used. The oHA alone has a very mild toxicity even at higher 

concentrations of around 200 ɛg/mL (Figure 18a). However, when oHA is combined with DOX 

at different ratios, doxorubicin starts to show enhanced toxicity against the TNBC cancer cells. 

iRGD peptide was conjugated to Myrj59 (Polyoxyethylene (100) stearate) as previously 

described,407 and the conjugation was confirmed by proton nuclear magnetic resonance (1H-

NMR) (Figure S1). The average particle size measured by the dynamic light scattering method 

(Figure 17c) was consistent with transmission electron micrographs (TEM) images (Figure 17d) 

portraying a well-defined spherical nanostructure. Significantly higher fluorescence intensity was 

observed in iRGD-oHA-PLN-treated Ŭvɓ3 integrin-coated wells compared to oHA-PLN, both 

loaded with Bodipy (Figure 17e), indicating a preserved high affinity of iRGD to Ŭvɓ3 integrin 

receptor after conjugation with the NPs. The size, polydispersity index (PDI), zeta-potential and 

drug loading of the various PLN formulations are summarized in Figure 17f. A high loading 

efficiency of ~97% and ~80% and loading content of ~4.7% and ~16% was achieved for DOX 

and oHA, respectively. The colloidal stability of iRGD-oHA-PLN and iRGD-DOX-oHA-PLN 

was determined and no significant changes in particle size or zeta potential were observed over 

48 hours in 50% fetal bovine serum (FBS)-containing Ŭ-minimal essential medium (MEM) 

medium at 37 °C, or for 7 days in 5% dextrose at 4 °C (Figure S2). Both DOX and oHA exhibit 

pH-dependent release with faster release at lower pH (Figure 17g). When the pH of the buffer 

decreased, the degree of ionization of oHA also decreased, leading to reduced complexation of 

DOX and oHA, and thus faster release of both drugs (Figure 17g). 
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Figure 17.  a) GPC trace of oHA depicting its MW. b) Cytotoxicity to MDA-MB-231-luc-

D3H2LN TNBC cells of free DOX and/or HA at various mass ratios at a fixed DOX 

concentration of 0.1 µg mL-1. The cytotoxicity was assessed by an MTT cell viability assay after 

24 h drug exposure. c) Particle size distribution (intensity %) of NPs by dynamic light scattering. 

d) TEM images of NPs. Scale bars = 200 nm. e) In vitro binding of Bodipy-labeled NPs on 

immobilized recombinant human Ŭvɓ3 integrin receptors measured by relative fluorescence 

intensity. f) Summary table of NP properties. g) Release profiles of DOX and oHA from iRGD-

DOX-oHA-PLN in PBS (pH = 5.0, 6.8 or 7.4) and free DOX or free oHA in PBS (pH = 7.4) 

determined by dialysis at 37 °C from 0 to 96 h. All data are presented as the mean ± SD, n = 3. 

*p < 0.05. 

 

3.3.2 In Vitro Cytotoxicity and Synergism 

The synergism of DOX and oHA in free solution and nanoparticle formulation at a mass ratio of 

1:4 was examined in MDA-MB-231-luc-D3H2LN cells by MTT assay (Figure 18a, b). Free 

oHA itself only showed slight cytotoxicity against the cancer cells at the highest [oHA] of 200 

ɛg mL-1 while the half maximal inhibitory concentration (IC50) of free DOX and DOX/oHA 

combinations was 4.3 ɛg mL-1 and 2.1 ɛg mL-1, respectively. Nanoparticle formulation of oHA 

alone exhibited modest cytotoxicity at high concentrations, and DOX-PLN and DOX-oHA-PLN 

exhibited higher cytotoxicity against MDA-MB-231-luc-D3H2LN cells with an IC50 of 1.8 ɛg 

mL-1 and 0.74 ɛg mL-1, respectively. Through median effect analysis,340, 414 the combination 

indices were below 0.5 (Figure 18a,b, right panels), indicating strong synergism between DOX 

and oHA in both free solution and nanoparticle formulations at a mass ratio of 1:4. The 

synergism observed between DOX and oHA is consistent with the chemo-sensitization effect of 

oHA reported by other groups,402-404 and may be due to the inhibitory effect of oHA on CD 44 

and RHAMM. Where CD 44 and RHAMM are implicated in regulating networks of the 

oncogenic pathways of (Phosphoinositide 3-kinase) PI3K and (extracellular signal-regulated 

kinases) ERK1/2. These pathways regulate cancer cells survival, motility, and DNA damage and 

repair. Furthermore, the HA-CD 44 induces the expression of various drug transporters such as 

breast cancer resistance protein (BCRP) and P-glycoprotein (P-gp) via PI3K/Akt pathway, and 

therefore regulating chemoresistance. 22, 398-401 In addition, conjugation of the iRGD peptide to 
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the nanoparticles significantly enhanced the cytotoxicity of DOX-oHA-PLN with a lower IC50 

value of 0.41 ɛg mL-1 (Figure 18c). The IC50s of DOX-containing formulations are summarized 

and compared in Figure 18d. 

 
Figure 18. a) and b) Dose-response curve, Median effect plot and Combination index (CI) 

analysis of the interaction of DOX and oHA in MDA-MB-231-luc-D3H2LN TNBC cells. Cells 

were allowed to grow for 24 h after 1 h treatment exposure of a) free solutions or b) nanoparticle 

formulations of DOX and oHA, alone and in combination at fixed DOX/oHA mass ratio = 1:4 

and [DOX] 0.01ï50 ɛg mL-1. c) Dose-response curve and d) IC50 of different formulations of 

DOX or DOX/oHA combination. Concentration on x-axes refers to DOX concentration. All data 

are presented as mean ± SD, n = 3. *p < 0.05. 
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3.3.3 iRGD-Conjugation for Cellular Uptake of Nanoparticles In Vitro 

To better understand the differences in IC50s between formulations, levels of DOX and oHA in 

the cells treated with different formulations for 1 h at 37°C were examined by measuring 

fluorescence intensity of the cells by flow cytometry with proper population gating (Figure S3). 

In line with the trend of cytotoxicity presented in Figure 18c, higher uptake of oHA and DOX 

was observed by flow cytometric analysis (Figure 19a,b) and by confocal microscopic 

examination (Figure 19c) in the order: iRGD-DOX-oHA-PLN > DOX-oHA-PLN > free oHA + 

DOX. Flow cytometric analysis showed that the cellular uptake of DOX and oHA in the iRGD-

DOX-oHA-PLN group is respectively 1.4-fold and 1.5-fold compared to DOX-oHA-PLN group, 

and 2.8-fold and 3.1-fold compared to free oHA + DOX group. The microscopic images of 

DOX-oHA-PLN and iRGD-DOX-oHA-PLN containing cells revealed both cytoplasmic and 

nuclear distribution of DOX, suggesting the partial release of DOX from nanoparticles 

internalized in the cellular cytoplasm into the nuclei. 

3.3.4  Vitro Anti-Migration/Invasion Effect of iRGD-oHA-PLN 

 To investigate the anti-migration effect of oHA-loaded NPs, an in vitro scratch assay was used 

to examine the migration of MDA-MB-231-luc-D3H2LN cells treated with various NPs or free 

drugs for up to 24 h. The strongest inhibition of cancer cell migration was observed in iRGD-

oHA-PLN treated groups, while oHA-PLN, and free oHA all showed moderate effects (P < 0.05) 

(Figure 20a,b). iRGD-oHA-PLN treatment resulted in ~33% and ~42% reduction in the 

recovered area at 8 h and 24 h, respectively, compared to iRGD-SLN. The effects of saline, solid 

lipid NPs (SLN) and iRGD-SLN were minimal. The anti-migration effect of oHA is likely due to 

its antagonistic action on RHAMM and CD 44, both of which play essential roles in cell 

motility,391 and are overexpressed in MDA-MB-231-luc-D3H2LN cells.415 The anti-migration 

effect was further confirmed using transwell assays. Both transwell migration and invasion 

assays confirmed the inhibitory effect of oHA containing formulations on in vitro migration and 

invasion ability of MDA-MB-231-luc-D3H2LN cells with the effects ranked as: iRGD-oHA-

PLN > oHA-PLN > free oHA (Figure 20c,d, p <0.05). iRGD-oHA-PLN reduced the migration 

and invasion ability of cancer cells by ~93% and ~97% respectively, compared to iRGD-SLN. 

The difference in the anti-metastasis effect of the formulations might be attributed to the degree 

of cellular uptake of oHA in MDA-MB-231-luc-D3H2LN cells as shown in Figure 19. 
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Figure 19. Cellular uptake of DOX and oHA in MDA-MB-231-luc-D3H2LN cells. Cells were 

treated with saline, free oHA/DOX, DOX-oHA-PLN or iRGD- DOX-oHA-PLN for 1 h, and 
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analyzed for the fluorescence of a) oHA-Cy5 and b) DOX simultaneously by flow cytometry. 

Relative mean fluorescence intensity was calculated compared to control group. Data are 

presented as mean ± SD, n=3. *p < 0.05. c) Confocal microscopic examination of the 

intracellular uptake of oHA-Cy5 and DOX. Scale bars = 20 ɛm. Condition of exposure is the 

same as in panels a and b. 

 

3.3.5 Subcellular Fate of oHA In Vitro 

The extracellular release of oHA after internalization of iRGD-oHA-PLN in MDA-MB-231-luc-

D3H2LN cells was evaluated by measuring the fluorescent oHA-Cy5 released in the growth 

medium. Significantly higher fluorescence of oHA-Cy5 was detected in the medium over a 

period of 48 h (Figure S4a), indicating the oHA was released back into the medium gradually 

from the cells following endocytosis of iRGD-oHA-PLN. 

To investigate the intracellular distribution of the oHA labeled by Cy5, MDA-MB-231-luc-

D3H2LN cells were imaged at 0, 4 and 24 h after exposure to iRGD-oHA-PLN for 0.5 h. As 

shown in Figure S4b, after 0.5 h incubation with iRGD-oHA-PLN, oHA is largely co-localized 

within acidic compartments, such as endosomes and lysosomes, yielding a yellow overlap in the 

merged images. This suggests most iRGD-oHA-PLN are internalized by MDA-MB-231-luc-

D3H2LN cells through endocytosis to endosomes and lysosomes. At 24 h compared to 4 h and 0 

h, higher fluorescent intensity of oHA-Cy5 was observed in the cytosol and outside of acidic 

compartments, indicating the release of oHA from the lysosomes. oHA-Cy5 was also observed 

on cell cytoplasmic membranes, which is likely due to the secreted oHA binding to surface CD 

44 receptors.  

To investigate the intracellular distribution of oHA relative to RHAMM, RHAMM in MDA-

MB-231-luc-D3H2LN cells was stained with human anti-RHAMM antibody. Partial co-

localization of oHA and RHAMM was observed (Figure S4c), suggesting the binding of 

intracellularly released oHA to RHAMM could affect its downstream pro-metastases signaling 

pathways.391 
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Figure 20. iRGD-oHA-PLN inhibits migration and invasion of MDA-MB-231-luc-D3H2LN 

TNBC cells. a) MDA-MB-231-luc-D3H2LN in vitro monolayers were scratch-wounded with 
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100 ɛL micropipette tip, and treated with saline, free oHA, SLN, iRGD-SLN, oHA-PLN, or 

iRGD-oHA-PLN. The migration of cells was imaged at 0, 8 and 24 h after treatment. Scale bar = 

1 mm. b) Quantification of the recovered area of the gap for each treatment group in panel a. 

Representative images of the transwell c) migration and d) invasion assay of MDA-MB 231-luc-

D3H2LN and their quantification. Data are presented as mean ± SD, n = 3. * p < 0.05. 

 

3.3.6 iRGD-oHA-PLN Inhibits p-ERK and Plasminogen Activator Inhibitor 
(PAI-1) Activity 

To evaluate the effect of iRGD-oHA-PLN on the activity of p-ERK, a downstream signaling 

kinase of RHAMM, MDA-MB-231-luc-D3H2LN cells were treated with saline, free oHA, 

iRGD-SLN, oHA-PLN, or iRGD-oHA-PLN for 4 h, and analyzed for p-ERK1/2, ERK and ɓ-

actin using Western blot analysis. The iRGD-oHA-PLN treatment resulted in a significant 

reduction in p-ERK1/2 but not total ERK1/2 expression compared to saline, free oHA, iRGD-

SLN, or non-targeted oHA-PLN (Figure 21a). Furthermore, the level of a metastasis biomarker 

PAI-1 was also significantly decreased with the treatment of iRGD-oHA-PLN (Figure 21b). 

Lesser reductions in PAI-1 levels were seen for free oHA and oHA-PLN. The downregulation of 

the p-ERK and PAI-1 is consistent with enhanced delivery of oHA by iRGD-oHA-PLN, which 

acted as an antagonist for its receptors, CD 44 and RHAMM, and the subsequent downregulation 

of their downstream signaling pathways. p-ERK is the major signaling protein kinase of 

RHAMM and the RHAMM/CD 44 receptor complex, regulating cell motility, invasion and 

metastasis.391 PAI-1 was reported as a signaling protein further down in the cascade of p-ERK 

pathway regulated by RHAMM, which plays an important role in breast cancer migration, 

invasion and metastasis.391, 416-417 Therefore, the anti-metastasis effect of iRGD-oHA-PLN in 

vitro, as shown in Figure 20, might be attributed to the downregulation of p-ERK and PAI-1 

activity.  
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Figure 21. Downregulation of p-ERK and PAI-1 activity in in MDA-MB-231-luc-D3H2LN 

cells. a) Cells were treated with saline, free oHA, iRGD-SLN, oHA-PLN, and iRGD-oHA-PLN 

at [oHA] of 10 ɛg mL-1 for 4 h in vitro, and analyzed for p-ERK1/2, ERK1/2 and ɓ-actin using 

Western blot. The fraction change in normalized band density was calculated by normalizing the 

band density of p-ERK to the band density of ɓ-actin, and comparing the band density ratios to 

saline treatment. b) Secreted PAI-1 levels in culture media detected by ELISA assay after cells 

were treated for 12 h. Data are presented as mean ± SD, n=3. * p <0.05. 

 

3.3.7 iRGD Conjugation Increases Nanoparticle Accumulation in Human 
Breast Tumors In Vivo 

The biodistribution and tumor accumulation of iRGD-DOX-oHA-PLN were further investigated 

in a murine orthotopic breast cancer model using the human TNBC cell line MDA-MB-231-luc-

D3H2LN. Breast tumor-bearing mice were intravenously injected with a near-infrared dye Cy7-

labeled NPs with or without iRGD conjugation. Whole body biodistribution of NPs was 

monitored for up to 72 h post-injection using a Xenogen imager (Figure S5a). Stronger 

fluorescence signals of Cy7-NPs were observed in the breast tumor region in vivo and ex vivo 
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breast tumors from mice treated with iRGD-DOX-oHA-PLN compared to DOX-oHA-PLN 

(Figure S5a,b). Based on fluorescence intensity from ex vivo organ imaging at 24 h, iRGD-

conjugation enhanced accumulation of Cy7-labeled NPs to the breast tumor by ~2.4 fold (Figure 

S5b). The high fluorescence signal in the kidneys might be ascribed to the renal clearance of 

released Cy7-labeled oHA polymer chains (Figure S5b). The in vivo and ex vivo data showing 

improved tumor accumulation of iRGD-DOX-oHA-PLN suggest the critical role of iRGD 

targeting to the Ŭvɓ3 integrin-overexpressing TNBC breast tumor.377, 418 Because of the 

advantage of iRGD-conjugated PLN formulation over non-targeted PLN, as demonstrated in the 

in vitro cytotoxicity, cellular uptake and metastasis assays, and in vivo biodistribution study, 

only the iRGD-conjugated NPs were evaluated in the following therapeutic efficacy evaluation 

in vivo. 

 

3.3.8 iRGD-DOX-oHA-PLN Induce Apoptosis and Inhibit Growth in TNBC 
Breast Tumor 

To evaluate whether the iRGD-DOX-oHA-PLN can enhance cancer cell apoptosis (an early 

indicator of therapeutic drug efficacy), TNBC breast tumors were taken from tumor-bearing 

NRG mice 24 h following intravenous injection of saline, free DOX, free DOX + oHA, iRGD-

DOX-PLN or iRGD-DOX-oHA-PLN. Using immunohistochemistry, tumors were stained for 

both activated caspase-3 and terminal deoxynucleotidyl transferase deoxyuridine triphosphate 

nick end labeling (TUNEL) (Figure 22a). Consistent with the in vitro cytotoxicity data (Figure 

18c), iRGD-DOX-oHA-PLN induced cancer cell apoptosis in a significantly higher percentage 

of cells (~46% for caspase-3 and ~50% for TUNEL) compared to other formulations in breast 

tumor tissue based on the staining of activated caspase-3 and TUNEL detection in TNBC tumors 

(Figure 22a,b). Significantly higher levels of apoptosis were observed in iRGD-DOX-PLN-

treated tumors compared to free DOX + oHA-treated tumors, likely due to the tumor 

accumulation of iRGD-conjugated NPs as shown in Figure S5. 

To determine the in vivo therapeutic potential of iRGD-DOX-oHA-PLN, its efficacy was 

compared to the free oHA, free DOX, free DOX + oHA, iRGD-oHA-PLN and iRGD-DOX-PLN 

based on a two-intravenous dose regimen (Figure 22c).  The treatments did not induce noticeable 

body weight change in mice except for free DOX which resulted in modest weight loss (5-10% 

compared to saline) (Figure 22d). Treatment of iRGD-DOX-oHA-PLN significantly inhibited 
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the growth of MDA-MB-231-luc-D3H2LN TNBC breast tumor compared to the other DOX-

containing formulations iRGD-DOX-PLN, free DOX/oHA or free DOX (p < 0.05, Figure 22e). 

Formulations containing oHA alone (free oHA and iRGD-oHA-PLN) did not show significant 

inhibition on tumor growth, which is consistent with the in vitro cytotoxicity result.  
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Figure 22. Induction of apoptosis and growth inhibition in human MDA-MB-231-luc-D3H2LN 

TNBC orthotopic tumors. a) Representative images of the immunohistochemical staining of 

apoptosis marker: activated Caspase-3 and TUNEL in the breast tumors treated with saline, free 
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DOX, free DOX + oHA, iRGD-DOX-PLN and iRGD-DOX-oHA-PLN at [DOX] of 10 mg kg-1 

for 24 h; And b) their quantitative presentation. Scale bar = 50 ɛm. Data are presented as mean Ñ 

SD, n = 3. * p <0.05. c) Schedule of treatment and weekly tumor measurement + metastasis 

imaging for tumor-bearing mice intravenously injected with saline (n = 7), free oHA (n = 4), free 

DOX (n = 8), free DOX + oHA (n = 8), iRGD-oHA-PLN (n = 4), iRGD-DOX-PLN (n = 9), 

iRGD-DOX-oHA-PLN (n = 9). All treatments with DOX/oHA combination are in a fixed 

DOX:oHA mass ratio of 1:4. DOX dose is 10 mg kg-1 and oHA dose is 40 mg kg-1. d) Changes 

in relative body weight of mice in various treatment groups. e) Average tumor volumes vs time. 

Data are presented as mean ± SD. * p <0.05 for the tumor volumes at week 4. 

 

3.3.9 iRGD-DOX-oHA-PLN Prevent Spontaneous Metastases 

To examine the therapeutic potential of iRGD-DOX-oHA-PLN for spontaneous metastases 

prevention, bioluminescence images of the upper body (including the lung and lymph node 

regions) were obtained weekly for five weeks, and the bioluminescence images of the major 

organs ex vivo were captured at week 4 (Figure 23a) in the same set of experiments and animals 

used for the evaluation of primary tumor efficacy as outlined in Figure 22c. Based on the in vivo 

bioluminescence images, metastases started to develop at week 1 following treatment in saline 

and free oHA groups, and they appeared later in other groups. The incidence of metastases was 

confirmed by the appearance of tumor bioluminescence in lymph nodes and lungs ex vivo at 

week 4 (Figure 23b). No visible bioluminescence signal and thus metastasis in the upper body 

was observed in most of the iRGD-DOX-oHA-PLN treated mice for five weeks (Figure 23a, b), 

suggesting a strong anti-metastases effect of the treatment. As an indication of lung metastases 

burden, the lungs were weighed at week four of treatment. Lung weight was lowest in iRGD-

DOX-oHA-PLN treatment group (p <0.05) (Figure 23c), consistent with the bioluminescence 

images. Furthermore, the metastatic tumor nodules were examined by hematoxylin and eosin 

(H&E) staining of the lungs at week 4, in which the fewest dark purple metastases nodules were 

observed in the iRGD-DOX-oHA-PLN treatment group (Figure 23d). Further quantification of 

the metastases by lung metastases area index also demonstrated the lowest lung metastases 

burden in iRGD-DOX-oHA-PLN (p < 0.05) (Figure 23e). The iRGD-oHA-PLN also showed a 

therapeutic effect on metastases prevention based on the bioluminescence images and resulted in 
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modest yet significantly lower metastatic burden as indicated by lung weight and lung metastases 

area index compared to saline (p < 0.05) (Figure 23a-e), suggesting that delivery of oHA alone to 

the primary breast tumor may reduce the metastatic spread and progression. The reduction in 

metastases by oHA-containing NPs may be attributable to the anti-migration and anti-invasion 

effect of NP-delivered oHA as well as their inhibitory role on signaling cascade involving p-  

ERK and PAI-1 as shown in Figure 20 and Figure 21, respectively. The iRGD-DOX-PLN could 

reduce but not completely inhibit the systemic metastases up to week 4 following treatment 

(Figure 23a, b). This is likely because iRGD-DOX-PLN were able to significantly reduce the 

primary tumor, which is the source of metastasis, although the tumor was still ñaliveò enough to 

metastasize (Figure 23d). Meanwhile, oHA and DOX, combination in the iRGD-DOX-oHA-

PLN successfully prevented systemic metastases up to Week 4, and this promising effect is 

attributed to both higher efficacy against primary breast tumor via the synergistic effect of the 

combination and the anti-metastasis effect of NP-delivered oHA.   

To investigate the effect of iRGD-DOX-oHA-PLN on two biomarkers that are implicated in 

cancer metastasis and regulated by RHAMM/p-ERK signaling cascade,391 i.e. matrix 

metalloproteinase-9 (MMP-9) and PAI-1, they were immunohistochemically stained for in breast 

tumors that were removed from mice 5 days after treatment with various formulations (n = 3). 

The expression of MMP-9 is highest in the breast tumors treated with saline and the lowest in 

iRGD-DOX-oHA-PLN-treated tumors (Figure 23f), suggesting the reduced spread of metastases 

by iRGD-DOX-oHA-PLN may also be attributed to the reduced activity of MMP-9, which has 

been implicated in cancer invasion and metastases.419-421 The decreased MMP-9 expression may 

be ascribed to the inhibition of RHAMM/p-ERK signaling and CD 44 by NP-delivered oHA.391, 

422 DOX was also reported to reduce the expression of MMP-9 in cancer.423 The level of PAI-1 

in breast tumors was reduced by free oHA and iRGD-oHA-PLN, but was increased by treatment 

containing DOX such as free DOX and iRGD-DOX-PLN (Figure 23f). The reduction of PAI-1 

expression by oHA-containing treatment is consistent with the in vitro enzyme-linked immune 

sorbent assay (ELISA) result shown in Figure 21b, indicating the reduction in metastatic 

potential as demonstrated in the in vivo efficacy study. However, in addition to the role of PAI-1 

in metastases, PAI-1 is an important mediator of cell senescence and is induced upon DNA 

damage due to factors including exposure to chemotherapeutic drugs.424-425 Therefore, its level is 

increased upon DOX exposure. Nevertheless, the expression level of PAI-1 is still reduced by 
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iRGD-DOX-oHA-PLN compared to iRGD-DOX-PLN or free DOX (Figure 23f), which may be 

indicative of reduced metastatic potential. 
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Figure 23. Metastasis prevention in a spontaneous metastasis model of human MDA-MB-231-

luc-D3H2LN TNBC tumor in NRG mice following the treatment schedule in Figure 7c. a) 



 

86 

 

Representative in vivo bioluminescence images of lungs/lymph node metastases progression 

over 4 weeks; And ex vivo bioluminescence images of major organs at week 4. b) Incidence of 

distal metastasis to lymph node and lung at week 4 based on the appearance of tumor 

bioluminescence in lymph nodes and lungs ex vivo. c) Average weight of excised lungs on week 

4. d) Representative histological images of H&E stained lungs at week 4. The dark purple 

regions represent metastatic nodules. e) Quantification of metastases by lung metastasis area 

index based on the images of the H&E stained lungs. f) Representative images of the 

immunohistochemical staining of pro-metastases markers: MMP-9 and PAI-1 in breast tumor 

sections (sampled 5 days after treatment). Scale bar = 50 um. Data are represented as mean ± SD. 

* p <0.05. 

3.3.10 iRGD-DOX-oHA-PLN Exhibit No Histological Change to Major 
Organs  

Cardiotoxicity is a well-known limitation to the therapeutic application of DOX clinically.426 To 

examine the toxicity of the NP formulations, heart, liver, kidneys and lungs were collected from 

breast tumor-bearing NRG mice for histopathological examination 5 days after a single 

intravenous dose of free oHA, free DOX, free DOX + oHA, iRGD-oHA-PLN, iRGD-DOX-PLN 

and iRGD-DOX-oHA-PLN. H&E stained sections showed no noticeable histological 

abnormalities in any of the major organs from mice that are treated with formulations containing 

oHA, DOX or both compared to saline (Figure S6). The change in body weight was monitored 

until week 4 in the breast tumor-bearing NRG mice (Figure 22d). All of the mice treated with 

free DOX solutions exhibited mild weight loss from the initial weight at a dose of 10 mg/kg that 

is reported to be tolerated in NRG mice, and consistent with literature427-428. The iRGD-DOX-

oHA-PLN did not show any general toxicity, while the free DOX showed a minor toxicity with 

slight weight decrease in the NRG mice. 

3.4 Conclusion 

A novel iRGD-conjugated, DOX and oHA co-loaded polymer lipid nanoparticle (iRGD-DOX-

oHA-PLN) was devised to simultaneously prevent spontaneous metastases while treating the 

solid primary tumor of TNBC. The tumor integrin-targeted co-delivery of oHA along with DOX 

was designed to reduce the metastatic potential of the aggressive TNBC cells while enhancing 

the therapeutic efficacy of DOX. iRGD-DOX-oHA-PLN enhanced apoptosis and demonstrated 

strong growth inhibition in human MDA-MB-231-luc-D3H2LN TNBC tumors in vivo via the 
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synergistic cytotoxic action of the co-encapsulated DOX and oHA and enhanced cellular uptake 

as demonstrated in vitro. While inhibiting primary tumor growth, iRGD-DOX-oHA-PLN 

reduced the spontaneous metastatic spread to lymph nodes and lungs. The multifaceted effects of 

iRGD-DOX-oHA-PLN can be ascribed to the anti-migration/invasion effect of the NP-delivered 

oHA and its inhibitory effect on the metastasis signaling pathways and biomarkers such as p-

ERK, MMP9 and PAI-1. These results suggest that iRGD-DOX-oHA-PLN is a promising 

multifunctional biopolymer-anticancer drug combination nanomedicine for controlling 

metastatic spread while treating primary TNBC tumors.  
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The Supporting Information is available from the Wiley Online Library or from the author. 
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 Abstract 
Chemotherapy-induced DNA damage repair machinery and immunosuppression largely 

contribute to the relapse and metastasis of triple-negative breast cancer (TNBC). Despite the 

availability of poly (adenosine diphosphate-ribose) polymerase (PARP) inhibitors (e.g., olaparib) 

for BRCA-mutated TNBC, drug resistance and program death-ligand 1 (PD-L1) expression 

cause treatment failure. Herein, polymer-lipid nanoparticles conjugated with integrin-targeting 

iRGD-peptide and co-loaded with a synergistic drug combination of doxorubicin (DOX) and 

oligomer hyaluronic acid (oHA) (iRGD-DOX-oHA-PLNs) were designed to tackle the 

mechanisms of DNA repair and immunosuppression. The iRGD-DOX-oHA-PLNs efficiently 

inhibited the HA receptor of motility and the permeability-glycoprotein (P-gp); and reduced 

downstream single- and double-strand DNA-break repair proteins. Unlike olaparib, which 

induced PD-L1 expression, iRGD-DOX-oHA-PLNs reduced PD-L1 expression. Treatment with 

iRGD-DOX-oHA-PLNs significantly inhibited primary tumor growth and lung and liver 

metastases compared to olaparib in both BRCA-mutated and wild-type orthotopic breast cancer 

models.  

 

Teaser 

The tumor DNA-repair and immune-escape must be stopped to combat the chemotherapy failure 

for metastatic TNBC treatment   
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4.1 Introduction 

Triple-negative breast cancer (TNBC) has the worst prognosis compared to other breast cancer 

subtypes due to its highly aggressive nature and lack of expression of estrogen receptor (ER), 

progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2), rendering 

hormonal and targeted breast cancer therapies ineffective.429 Despite the high early response rate 

to systematic chemotherapy, like the anthracycline doxorubicin (DOX), relapse and metastases 

reduce the 5-year overall survival rate of  TNBC patients to 10.8 %.430 The TNBC common 

metastatic sites are the lung (~40% of patients), brain (~30%), liver (~20%), and bone 

(~10%).431-432 The development of DOX encapsulated formulations has provided a superior 

alternative to free drug administration in reducing cardiotoxicity.433 However, the clinical use of 

DOX alone in breast cancer patients is faced with multiple mechanisms of drug resistance, such 

as the expression of efflux pumps, upregulation of DNA repair, and induction of multifactorial 

immunosuppressive processes, leading to treatment failure.434-436  

Recently, the United States Food and Drug Administration (FDA) approved inhibitors of PARP 

enzymes (PARPi) for the treatment of metastatic breast cancer 1/2 (BRCA1/2)-mutated 

TNBC.437-438 Inhibitors of PARP (PARPi) are useful in cancers with defective DNA repair, such 

as BRCA1/2 mutations, due to the accumulation of DNA single-strand break (SSB) and 

subsequent formation of toxic and lethal DNA double-strand breaks (DSB).437-445 However, 

resistance to PARPi often occurs in metastatic breast cancer with BRCA1/2 mutations through 

the homologous recombination (HR) DSB DNA repair pathway by BRCA1/2 reversion or 

RAD51 recombinase overexpression.446 The use of olaparib, a PARPi, also reportedly increases 

the expression of the immune checkpoint, PD-L1, which primes an immunosuppressive tumor 

microenvironment (TME).14 Phosphoinositide-3-kinase (PI3K) inhibitors have also been 

investigated in clinical trials for their ability to inhibit HR, sensitize cancers to DNA-damaging 

agents, and combat PARPi-induced resistance.14, 447  

High molecular weight native hyaluronic acid (HA) is enriched in the primary TME of multiple 

cancer types, including TNBC.448-450 Native HA can interact with the cluster of differentiation 44 

(CD 44) (stem cell marker) and receptors for hyaluronan mediated motility (RHAMM) to 

activate the PI3K and extracellular signal-regulated kinase (ERK) pathways, facilitating 
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chemoresistance and metastasis.21, 116, 451-457 In contrast to native HA, low molecular weight 

oligomeric hyaluronic acid (oHA), with a molecular size of <10 kDa, has been previously 

reported to decrease PI3K activity and inhibit breast cancer resistance proteins (BCRP) and P-

gp.128, 404, 450, 457-463 Treatments with oHA can disrupt the interaction of CD 44 with native HA to 

potentially attenuate oncogenic and pro-metastatic pathways, such as the mitogen-activated 

protein kinase/ERK (MAPK/ERK) pathway and the PI3K pathway.25, 404, 457-458, 464 New 

therapeutic strategies focus on combining chemotherapeutics with inhibitors of the PI3K, AKT, 

and ERK1/2 pathways to alter HR DNA repair through the disruptions of RAD50-complex, 

RAD51, and BRCA1 expression.465-468 Therefore, we proposed that oHA could potentially 

impact the DNA repair process of TNBC downstream of the affected PI3K/ERK1/2 signaling.469-

472   

Our previous work demonstrated that the delivery of oHA downregulated phosphorylated 

ERK1/2 signaling, and when combined with DOX, displayed antitumor and anti-metastasis 

effects in TNBC.473 In this work, we aim to investigate the mechanistic and synergistic effects of 

iRGD-functionalized DOX- and oHA-coloaded polymer-lipid nanoparticles (iRGD-DOX-oHA-

PLNs) on 1) the native HA receptor RHAMM, 2) the DNA damage and repair response, 3) 

immunosuppression of the TME and 4) the tumor growth and lung metastasis development in 

BRCA wild and mutant TNBC mouse models in comparison with olaparib, an inhibitor of PARP 

enzymes used for TNBC treatment. 

Guided by the tumor and vasculature penetrating integrin-targeted cyclic nine amino acid 

internalizing peptide (iRGD, CRGDK/RGPD/EC),338, 369 the delivered oHA effectively sensitized 

cancer cells to DOX for enhanced topoisomerase poisoning, inhibited RHAMM expression, 

altered the DNA damage response, and reduced PD-L1 expression in the BRCA1 mutant and 

wild-type tumors. Compared to olaparib, the iRGD-DOX-oHA-PLN significantly inhibited 

primary tumor growth and lung and liver metastases in both tumor models. This was ascribed to 

enhanced DNA double-strand breaks formation, and DNA damage repair inhibition of RAD50, 

RAD51, BRCA1 and the resulting cancer cells apoptosis. Therefore, the developed nanoparticle 

system can be proposed as a therapeutic strategy to combat the multifaceted detrimental resistant 

metastatic TNBC in both BRCA1 mutant and wild-type tumors. 
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Figure 24 depicts A) the metastatic pathway of cancer cells traveling from the primary tumor site 

to the lungs, B) the synthesis of polymer lipid nanoparticle system iRGD-DOX-oHA-PLN, C) 

the mechanisms contributing to chemotherapy failure and metastasis, and D) the synergistic 

inhibition of HA receptors and downstream pathways and cytotoxicity of DOX by iRGD-DOX-

oHA-PLN. Targeting by iRGD moiety enhances endocytosis, and oHA delivery inhibits 

RHAMM and relevant DNA repair proteins. Note: PARP1 senses and elongates to call other 

repair mediators to the damaged site for DNA SSB repair.474 The RAD50 acts as a sensor that 

forms a complex to activate repair kinases and cell-cycle checkpoint control proteins after being 

recruited to the broken sites by ɔ-H2AX.475 In the DNA DSB repair HR pathway, BRCA1 and 

RAD51 catalyze the sister chromatid strand invasion to maintain the integrity of strand base 

pairs.476  

 

Figure 24. Scheme of the combinational therapy mechanism. (A) Illustration of the metastatic 

pathway cancer cells takes to travel from the mammary gland to the lung. (B) Self-assembly of 

iRGD-DOX-oHA-PLN by microemulsion technology. (C) A diagram of the molecular tumor 
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microenvironment forces that contribute to tumor metastasis. (D) The synergistic dual functions 

of iRGD-DOX-oHA-PLN to inhibit RHAMM, PI3K/AKT and MAPK/ERK pathways and 

impair the DNA repair of BRCA1, RAD50, and RAD51 (HR for DNA DSB repair) and PARP1 

(SSB repair) proteins, and expression of PD-L1. Cytotoxicity of DOX is enhanced through 

increased DNA double-strand breaks indicated by H2A histone family member X (ɔH2AX). 

4.2 Materials and methods  

4.2.1 Materials 

All chemicals, unless otherwise mentioned, were purchased from Sigma-Aldrich Canada 

(Oakville, ON, Canada). The oHA was purchased from Bloomage Biochem Co., Ltd. (Shandong, 

China). Cyclic peptide iRGD [c(CRGDRGPDC)] was purchased from LifeTein (Somerset, NJ, 

USA). DOX HCl and Olaparib were purchased from MedChemExpress (Monmouth Junction, 

NJ, USA). The MDA-MB-231-luc-D3H2LN cell line was purchased from Caliper Life Sciences 

(Hopkinton, MA, USA). MDA-MB-436 and MCF10A were purchased from Cedarlane 

(Burlington, ON, Canada). The suppliers confirmed that all cell lines were pathogen-free by 

using polymerase chain reaction (PCR) techniques. The anti-poly(ADP-ribose) (anti-PAR) 

(79109S) antibody and anti-RHAMM antibody (sc-515221) were purchased from Santa Cruz ( 

Toronto, ON, Canada) , and the following antibodies anti-ɓ-actin (ab8226), anti-H2AX 

(ab26350), anti-PARP1 (ab32138), anti-RAD51 (ab133534), anti-RAD50 (ab89), anti-PD-L1 

(ab205921), anti-BRCA1 (ab16780) were purchased from Abcam (Mississauga, ON, Canada). 

4.2.2 Preparation and characterization of nanoparticles  

DOX and oHA co-loaded polymer lipid nanoparticles (DOX-oHA-PLN) were prepared using a 

self-assembly method.407, 410 Briefly, to an aqueous solution of 25 mg of ethyl arachidate, 2 mg 

of Myrj52 (PEG40SA), and 1 mg Myrj59 (PEG100SA), preheated to 60°C, oHA (100 µL, 100 

mg mL-1), DOX (250 µL, 10 mg mL-1), and Pluronic® F-68 (PF 68), (50 µL, 100 mg mL-1) in 

distilled deionized (DDI) water were added and stirred for 20 min. The suspension was 

emulsified at 60 °C at 100% peak power for 5 min using a Hielscher UP 100H probe 

ultrasonicator (Ringwood, NJ, USA), followed by a quick emulsion transfer into 2.1 mL of saline 

being stirred on ice to generate DOX-oHA-PLN. To synthesize iRGD-conjugated DOX-oHA-

PLN (iRGD-DOX-oHA-PLN), Myrj59-iRGD synthesized and characterized as previously 
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described,407-408 was used instead of unconjugated Myrj59 followed by the same NP preparation 

process. Nanoparticles without DOX, oHA or both (oHA-PLN, iRGD-oHA-PLN, SLN or iRGD-

SLN) were prepared by the same method without the addition of DOX solution or oHA solution. 

The size and zeta potential of the particles were determined using a Malvern Zetasizer Nano ZS 

(Worcestershire, UK). Fluorescent iRGD-oHA-PLN and oHA-PLN were synthesized using 

cyanin 5 (Cy5) linked to oHA to enable fluorescent detection of iRGD-NPs bound to Ŭvɓ3-

integrin coated on wells of a 96-well plate. 

4.2.3 Maintenance of cell culture 

Human MDA-MB 231-luc-D3H2LN cells were grown in cell culture flasks (Corning, Corning, 

New York, U.S.A.) in a growth medium made from Ŭ-modified minimal essential medium (Ŭ-

MEM) (Gibco-Life Technologies, Burlington, ON, Canada) supplemented with fetal bovine 

serum (FBS) at a concentration of 10% (Invitrogen.Inc. Burlington, ON, Canada) at 37 °C in a 

humidified incubator with an air-5% CO2 environment. MDA-MB-436 were grown in a medium 

made from Dulbeccos Modified Eagles Medium DMEM (CC-3150) supplemented with sodium 

pyruvate with 10 % FBS at 37 °C in a humidified incubator with 5% CO2 atmosphere. MCF10A 

cells (ATCC) were cultured at 37 °C, under 5% carbon dioxide (CO2), using Mammary 

Epithelial Cell Growth Medium BulletKitTM (Lonza kit: MEGM, CC-3150, Mississauga, 

Canada) required for the growth of Mammary Epithelial Cells. The medium was added with 

Cholera toxin at a 100 ng ml-1 concentration obtained from Cayman (Ann Arbor, MI, USA), h-

EGF-ɓ (human epidermal growth factor), recombinant human insulin, hydrocortisone, BPE 

(bovine pituitary extract), and 5 % heat inactivated horse serum was obtained from Gibco. 

4.2.4 Animal models 

The procedures for tumor inoculation, animal treatment, and sacrifice were conducted under the 

ethical and legal requirements of the Ontario Animals for Research Act and the Federal Canadian 

Council on Animal Care guidelines that are approved by the University Health Network (UHN) 

Animal Care Committee (Animal Use Protocol 4333.10), UHN, Toronto, ON, Canada. A 

spontaneous metastasis murine model of triple-negative breast cancer was established by 

orthotopically implanting bioluminescent luciferase-expressing MDA-MB-231-D3H2LN human 

breast cancer cells (106 cells suspended in 30 µl of Ŭ-MEM) at the right inguinal mammary fat 

pad of 5-7 weeks old female NRG mice purchased from UHNs Animal Resource Centre (ARC) 



 

95 

 

(NOD.Cg-Rag1tm1Mom Il2rgtm1Wjl/SzJ Stock # is 007799) (Ontario Cancer Institute, Toronto, 

ON, Canada). For the MDA-MB-436 orthotopic model, cells were inoculated at a concentration 

of 3.5×106 in 30 µl of DMEM using the same strain of NRG mice.   

4.2.5 In vitro viability and synergy studies 

Cultured MDA-MB-436 cells were plated at a density of 10,000 cells per well in 200 ɛl of 

DMEM growth medium in 96-well plates (R&D systems, Minneapolis, MN, USA) overnight for 

18 h. To determine the optimal oHA:DOX ratio, cells were then treated with DOX and oHA  at 

the  following oHA:DOX mass ratios: 1:1, 2:1, 4:1, 6:1, 8:1 and 10:1 at fixed [DOX] of 0.1 ɛg 

mL-1 for 24 h. Cell viability was determined using a SpectraMax M2 microplate reader with the 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.(San Jose, CA, 

USA) at 540 nm. MTT assay was also used to evaluate the synergism of DOX and oHA and the 

cytotoxicity of iRGD-DOX-oHA-PLN. The mass ratio of DOX to oHA in any formulation 

containing the combination was then fixed at 1: 4 for in vitro and in vivo evaluation. MDA-MB 

231-luc-D3H2LN or MDA-MB-436 cells were plated at a density of 10,000 cells per well in 200 

ɛl of growth medium in 96-well plates overnight. The cells were then treated for 24 h with the 

free solution or nanoparticle formulation of DOX, oHA, or DOX/oHA combinations with a 

range of [DOX] of 0.01-50 µg mL-1 or [oHA] of 0.04-200 µg mL-1. After being washed three 

times with phosphate-buffered saline (PBS), the cells were incubated in a growth medium with 

the MTT solution for 4 hours and viability was determined using a SpectraMax M2 microplate 

reader. The median effect analysis was performed to generate the median effect plot and 

combination index (CI) based on the cytotoxicity curves of DOX and oHA alone or in 

combination, free or encapsulated as previously described.340, 414, 473 The CI values of less than 1, 

equal to 1, and greater than 1 indicate synergism, additive effect, and antagonistic impact, 

respectively. In addition, cells were seeded in twenty-four well plates and treated with free DOX, 

iRGD-DOX-PLN, and iRGD-DOX-oHA-PLN at low DOX concentrations of 0.01 and 0.1 µg 

mL-1 over 72 hours and stained with crystal violet. The viability of MCF10A cells was assessed 

after being treated with oHA-PLN, DOX-PLN, DOX-oHA-PLN, and iRGD-DOX-oHA-PLN 

evaluated by MTT. The nonlinear regression of "Dose-response curves - Inhibition" with the 

equation of "[Inhibitor] vs. response" was used as a model to fit the viability data in GraphPad 

and calculate the IC50 values.  
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4.2.6 Drug cellular uptake studies and drug resistance protein  

To establish cellular drug uptake profiles, cells were plated onto 96-well plates at densities of 

approximately 10,000 cells/well at 37°C. When cells reached 80% confluency, free DOX/oHA, 

DOX-oHA-PLN or iRGD-DOX-oHA PLN suspensions were added to each well to evaluate 

cellular drug accumulation. All treatments were fixed to 15 mg ml-1 DOX concentration. At 

predetermined time intervals (0 ï 2 h), the supernatant was removed, and cells were washed with 

ice-cold phosphate-buffered saline (PBS; pH 7.6) and lysed with PBS containing 0.5 % Triton X-

100. DOX concentrations in the cell lysates were transferred to a 96 black-well plate to be 

measured with SpectraMax Gemini XS microplate fluorometer (Molecular Devices, Sunnyvale, 

CA) at an excitation (ex) wavelength of 480 nm and an emission (em) wavelength of 590 nm. A 

standard curve with known concentrations of DOX was used to evaluate its presence in the cell 

lysate. Cellular DOX uptake is expressed as a concentration in micromoles per milligram of 

protein for each cell line. Protein concentrations of the cell lysates were determined by the 

bicinchoninic acid assay (BCA) colorimetric assay (Thermo Scientific, Waltham, MA, USA), 

and bovine serum albumin from the assay kit was used for the protein standard curve 

determination. In vitro DOX uptake was also evaluated for different DOX formulations in MDA-

MB-231-luc-D3H2LN and MDA-MB-436 cells with confocal fluorescence laser microscopy for 

internalized free drugs and nanoparticles in one hour of treatment after cells were plated onto 

confocal dishes at densities of approximately 200,000 cells per dish.  

To evaluate the P-gp drug efflux expression with Western blot, MDA-MB-231-luc-D3H2LN 

were cultured in flasks until reaching ~80% confluency. Cells were treated with saline, free 

DOX, iRGD-DOX-PLN, and iRGD-DOX-oHA-PLN ([DOX] = 3.5 ɛg mL-1) for 24 h. Protein 

expression of P-gp was evaluated by western blot. Relative P-gp expression level was quantified 

by Image Lab software and normalized to ɓ-actin expression. 

To evaluate the P-gp drug efflux expression with confocal fluorescence laser microscopy, MDA-

MB-231-luc-D3H2LN cells were seeded in confocal dishes at 2.5 × 105 cells per well overnight 

for attachment. Cells were treated with saline, free DOX, iRGD-DOX-PLN, and iRGD-DOX-

oHA-PLN ([DOX] = 3.5 ɛg mL-1) for 6 h. Cells were then fixed with 4% paraformaldehyde, 

permeated with 0.1% Triton X, and stained with Hoechst 33342 before being observed using a 

confocal microscope. 
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4.2.7 Western blotting for measuring DNA damage and repair biomarkers  

The MDA-MB-231-luc-D3H2LN or MDA-MB-436 cells were cultured in tissue culture flasks 

until they reached ~80% confluency. After cells were treated in different treatment groups for 4 h 

or 24 h, cell extracts were obtained using radioimmunoprecipitation assay (RIPA) lysis buffer 

supplemented with protease and phosphatase inhibitors (Thermo Scientific, Waltham, MA, 

USA). The extracted protein amounts were determined by the PierceÊ B.C.A. Protein Assay Kit 

(Thermo Scientific), and protein samples were heated at ~95 °C for ~5 min before being 

separated by electrophoresis in gradient polyacrylamide gels (4-12%) and transferred to 

polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Hercules, CA, USA). Following 1 h 

blocking with 5% bovine serum albumin (BSA), the PVDF membranes were incubated with the 

primary antibody of interest or anti-ɓ-actin antibody (Abcam, Mississauga, ON, Canada) at 4 °C 

overnight. Following washing, the membranes were incubated for 1 hour with secondary 

antibodies before reacting with a luminol-based enhanced chemiluminescence horseradish 

peroxidase substrate. The images were captured by ChemiDocÊ MP Imaging System and 

analyzed by Image Lab Software (Bio-Rad, Hercules, CA, USA). The band intensities of the 

protein bands of interest were normalized to the ɓ-actin band intensity, represented as a ratio 

from the treated groups, and compared to saline-treated groups.  

4.2.8 iRGD-DOX-oHA PLN versus Olaparib in vitro 

The MDA-MB-231-luc-D3H2LN or MDA-MB-436 cells were treated with saline, 10 ɛM/L 

Olaparib, Free-DOX or iRGD-DOX-oHA-PLN (2 mg/L of DOX) and stained with anti-PAR1 

antibody to measure the PARP-1 enzymatic activity. Western blot studies using MDA-MB-231-

luc-D3H2LN, or MDA-MB-436 cells treated with olaparib (10 ɛM/L), or iRGD-DOX-oHA-

PLN (2 mg/L of DOX) were incubated for 24 h and then stained with anti-PD-L1 antibody and 

anti-beta actin antibody. In another experiment, PD-L1 staining was evaluated using a confocal 

laser microscope with the same treatment groups: saline, 10 ɛM/L Olaparib, or 2 mg/L of iRGD-

DOX-oHA PLN for 24 h and stained with anti-PD-L1. 

4.2.9 Immunohistochemical staining of primary tumors  

Treatment started 3 weeks after cancer cell inoculation after tumors reached a size of 200 mm3. 

The breast tumor-bearing mice were i.v. injected in the tail vein with the following treatments: 

saline, free DOX (10 mg kg-1 DOX dose), free DOX + oHA (10 mg kg-1 DOX dose), iRGD-
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DOX-PLN (10 mg kg-1 DOX dose) or iRGD-DOX-oHA-PLN (10 mg kg-1 DOX dose). The 

primary breast tumors were resected 24 h after treatment and fixed with 10% buffered formalin. 

Breast tumors were sectioned and stained with human anti-RHAMM, anti-RAD51, anti-BRCA1 

or anti-ɔH2AX antibodies. The tissue sectioning and staining were performed at the CFIBCR 

Histology/Microscope Core Unit, Toronto, ON, Canada. 

4.2.10 In Vivo efficacy and lung metastasis studies  

When breast tumors reached ~200 mm3 at ~3 weeks after tumor cell injection, the breast tumor-

bearing mice were treated by intravenous injection of the following preparations: 1) saline, 2) 

two doses of iRGD-DOX-oHA-PLN (10 mg kg-1 of DOX) one dose on day 0 and one dose on 

day 14 over 28 days 3 weeks after tumor inoculation, or 3) Olaparib (50 mg kg-1) 5 i.p. 

injections/week (Monday to Friday) for four weeks (a total of 20 injections). The breast tumor 

size was monitored weekly using calipers, and the following equation - tumor size = 

(width2×length)/2 was used to evaluate tumor volume. The spontaneous metastases to the lungs 

and lymph nodes were monitored weekly by detecting the tumor bioluminescence using a 

Xenogen imager (Caliper Life Sciences, Hopkinton, MA, USA) 10 minutes after D-luciferin i.p. 

injections (15mg/kg). At week 4, distal metastases were examined by resecting major organs for 

bioluminescence imaging. Fresh lung weight was measured to compare the metastases burden 

and lungs immediately fixed in 10% buffered formalin. The lungs were coronally sectioned and 

stained with hematoxylin and eosin (H&E) (The Campbell Family Institute for Breast Cancer 

Research, Ontario Cancer Institute, University Health Network). The dark purple metastatic 

nodules in the H&E-stained lungs were quantified by a ñmetastasis area index,ò calculated as the 

ratio of metastasis area to total lung area. The areas were analyzed using HALOÊ Image 

analysis software (PerkinElmer, Waltham, MA, USA) for staining quantification. 

4.2.11 Statistical analysis 

All quantitative data are presented as mean ± standard deviation (SD). Students t-test or one-way 

analysis of variance (ANOVA) followed by Tukeys posthoc test was utilized to determine 

statistical significance between two or more groups, respectively. All statistical tests were done 

in Software (Chicago, IL, USA). P values < 0.05 were considered significant. 
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4.3 Results  

4.3.1 Nanoparticles synthesis and characterization  

The different nanoparticles were synthesized by the ultrasonication of microemulsion in Pluronic 

F-68 (PF-68), a non-ionic surfactant, as shown in Fig. 24B. The NPs were measured by dynamic 

light scattering technology and a uniform size distribution at ~120-130 nm for both iRGD-oHA-

PLN and iRGD-DOX-oHA-PLN was revealed (Fig. S1A). The iRGD-functionalized 

nanoparticles were examined for their ability to bind to integrin receptors using an in vitro 

binding assay. A substantially higher Cy5 fluorescence was observed in wells treated with iRGD 

NPs than those without the iRGD-peptide (Fig. S1B). A fixed drug mass ratio of 1/4 (DOX/oHA 

in µg mL-1) was chosen, which provided the greatest drug combination cytotoxicity against 

MDA-MB-436 TNBC cells compared to different drug mass ratios of DOX/oHA (Fig. S1C). 

The size, polydispersity index (PDI), and zeta-potential of the various PLN formulations 

prepared and evaluated throughout this work are summarized in Fig. S1D.  

4.3.2 Synergistic oHA and DOX NPs efficacy and selectivity for TNBC  

The sensitization of DOX by oHA was investigated in MDA-MB-231-luc-D3H2LN and BRCA-

mutated MDA-MB-436 cells by assessing cell viability after treatment with oHA-PLN, DOX-

PLN, or DOX-oHA-PLN. The dose-response curves showed a lower half-maximal inhibitory 

concentration (IC50) value for DOX-oHA-PLN compared to free DOX in both cell lines, 

corresponding to approximately ~ 12-fold efficacy enhancement of encapsulated DOX-oHA 

(Fig. 25 and Fig. S2). The median effect plot and combination index (CI) analysis were 

calculated based on the dose-response curves of the tested formulations and indicated a strong 

synergism between the DOX and oHA combination that is further enhanced when the 

combination is encapsulated in nanoparticles, with a CI below 1 for fractions of cells affected in 

the 0.1ï0.9 range for MDA-MB-231-luc-D3H2LN and MDA-MB-436 cells (Fig. 25A and B 

bottom panels, and Fig. S2 for free drugs). In addition, the crystal violet staining of cells showed 

a prominent growth inhibition in both MDA-MB-231-luc-D3H2LN and MDA-MB-436 cells 

after 48 h treatment with iRGD-DOX-oHA-PLN compared to free DOX and iRGD-DOX-PLN 

(Fig. S3).  



 

100 

 

The dose-response curves of MDA-MB-231-luc-D3H2LN and MDA-MB-436 treated with 

olaparib for 24 hours highlighted the sensitivity of MDA-MB-436 (BRCA mutant) to olaparib in 

contrast to the BRCA wild MDA-MB-231-luc-D3H2LN cells as shown in Fig. 25C. Olaparib 

was investigated further and compared to our developed iRGD-DOX-oHA-PLN in regulating 

DNA damage repair and the immunosuppressive PD-L1 protein in BRCA1 wild and mutant 

TNBC.  

The MCF10A human mammary epithelial cell line is commonly used as an in vitro model for 

studying non-cancerous breast cell function and transformation.477 Al l treatments containing 

DOX had narrow comparable IC50 values with a slight increase in toxicity by the iRGD-DOX-

oHA-PLN, as shown by the dose-response curves (Fig.25D) and all IC50 values are summarized 

in Fig. 25E and table S1. The iRGD-DOX-oHA-PLN IC50 result shows that the non-tumorigenic 

MCF10A cells have an ~ 4 fold higher IC50 than the MDA-MB-231-luc-D3H2LN and MDA-

MB-436 TNBC cell lines, which indicates the selectivity of iRGD-DOX-oHA-PLN towards 

TNBC cells lines (Fig. 25E). This selectivity might be due to the poor expression of HA 

receptors and Ŭvɓ3 integrins in the MCF10A478-479 to be targeted by the iRGD-DOX-oHA-PLNs.  
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Figure 25. The synergistic combination of DOX and oHA enhances cytotoxicity compared to 

olaparib against BRCA-wild type MDA-MB-231-luc-D3H2LN and BRCA-mutated MDA-MB-

436 cell lines. The dose-response curve of cells viability (IC50 values shown by dotted lines) of 

MDA-MB-231-luc-D3H2LN (A) and MDA-MB-436 (B) treated with oHA-PLN, DOX-PLN, or 

DOX-oHA-PLN (at a DOX/oHA mass ratio of 1:4) for 24 hours (top plots). The middle plots are 

the median effect plots (Log[fa/(1-fa)]), and the bottom plots are combination index (CI) 

analyses. (C) Dose-response curves of MDA-MB-231-luc-D3H2LN and MDA-MB-436 cell 

lines treated with olaparib for 24 h. (D) Dose-response curve of the non-malignant breast 

epithelial MCF10A cells treated with oHA-PLN, DOX-PLN, DOX-oHA-PLN, and iRGD-DOX-

oHA-PLN (at DOX:oHA ratio of 1:4) for 24 h. (E) Fold change comparisons of IC50 values of 

MCF10A, MDA-MB-231-luc-D3H2LN and MDA-MB-436 after nanoparticles treatment. Data 

are presented as mean ± SD (n= 3). *p < 0.05. error bars standard error of the mean 
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4.3.3 The iRGD-functionalized PLN increase DOX intracellular uptake  

Confocal laser scanning microscopy (CLSM) was used to detect the fluorescence signal of DOX 

and oHA-Cy5 after one-hour incubation with free DOX-oHA, DOX-oHA-PLN and iRGD-DOX-

oHA-PLN in MDA-MB-231-luc-D3H2LN cells (fig. S4A) and MDA-MB-436 cells (Fig. S3B). 

The iRGD-DOX-oHA-PLN treated cells showed increased uptake of DOX and oHA-Cy5 

compared to other treatments. The intense nuclear staining of DOX suggests that DOX was 

successfully released from the NP in the cytoplasm. Spectrofluorometric analysis of cellular 

uptake of different DOX formulations indicated the highest accumulation of DOX in cells treated 

with iRGD-DOX-oHA-PLN, followed by DOX-oHA-PLN and then free DOX-oHA treated cells 

(Fig. S4). Meanwhile, the expression of the P-gp was significantly reduced in MDA-MB-231-

luc-D3H2LN cells treated for 24 h with iRGD-DOX-oHA-PLNs compared to iRGD-DOX-PLN 

and free DOX (Fig. S4E). Similarly, the expression of RHAMM was significantly reduced in 

MDA-MB-231-luc-D3H2LN cells treated with iRGD-oHA-PLN compared to other oHA 

formulations (Fig. S5). 

4.3.4 The iRGD-DOX-oHA-PLN induces DNA damage and inhibits DNA 
repair in vitro 

For both cell lines, the formulations co-loaded with DOX and oHA and free DOX-oHA 

significantly reduced PARP1 expression compared to free DOX alone (Fig. 26A and B). The 

order of PARP1 downregulation was iRGD-DOX-oHA-PLN > DOX-oHA-PLN > DOX-oHA > 

DOX. The pattern of RAD50 and RAD51 downregulation followed the same trend as PARP1. 

Correspondingly, formulations co-loaded with DOX and oHA increased ɔH2AX expression 

compared to free drug formulations. The order of ɔH2AX upregulation was iRGD-DOX-oHA-

PLN > DOX-oHA-PLN > DOX-oHA > DOX (Fig. 26).  
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Figure 26. The effect of free or encapsulated drug combinations on DNA repair and damage 

biomarker expression in vitro. Expression of ɔH2AX, PARP-1, RAD51 and RAD50 in MDA-

MB-231-luc-D3H2LN cells (A) and MDA-MB-436 cells (B) after a 4 h treatment with different 

formulations (saline, iRGD-PLN, Free-oHA, oHA-PLN, iRGD-oHA-PLN, Free-DOX, DOX-

oHA-PLN, and iRGD-DOX-oHA-PLN). The right panels represent the quantification of all the 

bands intensities normalized to the ɓ-actin band. Data are presented as mean ± SD from different 

blots (n= 3). *p < 0.05. 
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4.3.5 iRGD-DOX-oHA-PLN reduced DNA repair without increasing PD-L1 
expression 

The foci of RAD51 and ɔH2AX in MDA-MA-231-luc cells were visualized using CLSM after 

treatment with different formulations containing only oHA, or DOX, or a combination of both. 

The oHA formulations demonstrated a reduction in the RAD51 foci, with an approximately 8-

fold decrease in the percent area of stained foci in the iRGD-oHA-PLN treatment group 

compared to the saline group (Fig. 27A). Free DOX treatment, however, induced RAD51 

expression, and there was a 5-fold decrease of protein expression by the iRGD-DOX-oHA-PLN 

treatment group compared to free DOX. About two fold of ɔH2AX enhancement by iRGD-

DOX-oHA-PLN was observed compared to free DOX indicating a significant increased DNA 

damage (Fig. 27A). In different Western blot experiments, the two cell lines of MDA-MB-231-

luc-D3H2LN and MDA-MB-436 were treated with saline, olaparib, free DOX, and iRGD-DOX-

oHA-PLN and stained for the same proteins of ɔH2AX, RAD51 and RAD50, and PARP1. There 

was a reduction in PARP1 expression in these blots by olaparib and iRGD-DOX-oHA-PLN. 

However, only the iRGD-DOX-oHA-PLN reduced the RAD50 and RAD51 expression by over 

50 % compared to olaparib and free DOX, as shown in Fig. 27B and C. Unlike the free DOX, 

olaparib and iRGD-DOX-oHA PLN reduced the enzymatic parylation activity of PARP1 as 

shown by the faint parylation-chains (PAR) bands of the Western blots in both cell lines (Fig. 

S6A and B). 

Moreover, TNBC tumors are known to express PD-L1; and PARP1 inhibitors such as olaparib 

have been shown to increase PD-L1 expression, contributing to the anticancer 

immunosuppressive TME.480 Hence, the effect of iRGD-DOX-oHA-PLN on PD-L1 protein 

expression was investigated in comparison to olaparib. Cells were treated either with the PLNs 

or olaparib, and CLSM and immunoblotting were applied to determine PD-L1 expression. The 

confocal images of cell surface PD-L1 expression results were consistent with the immunoblot 

data as olaparib treatment induced PD-L1 expression as expected. In contrast, the PD-L1 

expression was considerably reduced in the iRGD-DOX-oHA-PLN treated TNBC cells, 

evidenced by the red contrast of PD-L1 staining in the CLSM images and the faint western blots 

bands (Fig. 27D and E). 
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Figure 27. iRGD-DOX-oHA-PLNs reduce DNA repair without inducing PD-L1 expression. (A) 

CLSM images of the nucleus of MDA-MB-231-luc-D3H2LN cells stained for RAD51 (green), 

ɔH2AX (red) and nucleus (blue) and merged images of MDA-MB-231-luc-D3H2LN cells 

treated with (saline, iRGD-PLN, F.oHA, oHA-PLN, iRGD-oHA-PLN, F.DOX, F.DOX-oHA, 
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DOX-oHA-PLN, and iRGD-DOX-oHA-PLN) for 4 h. Quantification of relative foci stains are 

calculated based on area ratios of ɔH2AX or RAD51 foci to the nuclear area.  (n = 3) *p < 0.05.  

The error bars represent the mean of positive areas quantified with ImageJ). (B and C) Western 

blot of ɔH2AX, RAD50, RAD51 and PARP1 expression in MDA-MB-231-luc-D3H2LN cells 

and MDA-MB-436 cells treated for 4 h and their quantification. *p < 0.05. Data are presented as 

mean ± SD from different blots (n= 3). (D and E) CLSM images and Western blot of PD-L1 

expression in MDA-MB-231-luc-D3H2LN and MDA-MB-436 cells treated for 24 h. (n = 3) *p 

< 0.05. Cells were treated with saline, olaparib (10 ɛM/L), or iRGD-DOX-oHA-PLNs (2 mg L-1 

of DOX). All quantification of band intensities is normalized to their respective ɓ-actin bands, 

and then normalized against their respective saline-treated groups. 

4.3.6 iRGD-DOX-oHA-PLN prevents DNA repair and induces DNA damage 
in vivo 

Orthotopic human MDA-MB-231-luc-D3H2LN and MDA-MB-436 breast cancer models were 

used to investigate RHAMM mediated DNA damage in vivo in primary tumors harvested 24 h 

post-treatment. As examined by immunohistochemical (IHC), RHAMM expression was 

significantly decreased in both breast tumor models of MDA-MB-231-luc-D3H2LN and MDA-

MB-436 in the following order: iRGD-DOX-oHA-PLN (13.6 ± 2.6%, and 6.8 ± 2.4%) < 

DOX+oHA (28.48 ± 4.8%, and 13.2 ± 4.78) < iRGD-DOX-PLN (65.0 ± 3.56%, and 39.5 ± 

5.9%) < DOX (68.9 ± 3.8%, and 50.2 ± 2.1%) < saline treatments (80.7 ± 3.25%, and 64.8 ± 

4.1%) (fig. 28).  The RHAMM reduced fold change by iRGD-DOX-oHA-PLN vs. iRGD-DOX-

PLN corresponds to ~4.8 and ~5.9 in the MDA-MB-231-luc-D3H2LN and MDA-MB-436 

models.  The IHC confirmed the Western blot results of RAD51 expression reduction in the 

MDA-MB-231-luc-D3H2LN 1 and MDA-MB-436 models by the iRGD-DOX-oHA-PLN (4.3 ± 

2.7%, and 6.4 ± 3.8) that is induced by DOX (44.8 ± 3.6%, and 38.1 ± 2.4) corresponding to 

~10.4 and ~6.2 fold reduction (fig. 26 and 27). Expression of ɔH2AX increased by iRGD-DOX-

oHA-PLN from ~10% positive cells in the DOX groups to 48.9% in MDA-MB-231-luc-

D3H2LN and 37.8 % in MDA-MB-436 cancer cells. The expression of BRCA1 in both tumor 

models was also assessed with IHC staining. Interestingly, the results revealed a substantial 

reduction of BRCA1 expression only in animals treated with formulations containing oHA in the 

MDA-MB-231-luc-D3H2LN tumor model at ~20% in DOX+oHA and ~7% in the iRGD-DOX-
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oHA-PLN compared to ~40% in saline, DOX, and iRGD-DOX-PLN groups (Fig. 28A). BRCA1 

expression was not changed in the MDA-MB-436 BRCA1 mutant tumor model as these cancer 

cells lack its expression (Fig. 28B). 

 

Figure 28. In vivo targeted delivery of synergistic DOX and oHA combination prevents DNA 

repair and induces DNA damage in the human MDA-MB-231-luc-D3H2LN and MDA-MB-436 

orthotopic breast cancer models. (A and B Top panels) Representative images of the IHC 

staining of RHAMM, RAD51, BRCA 1, and ɔ H2AX in MDA-MB-231-luc-D3H2LN and 

MDA-MB-436 breast cancer model tumor sections, by the treatment with saline, free DOX, 

iRGD-DOX-PLNs, free DOX + oHA, or iRGD-DOX-oHA-PLNs. All treatments are formulated 

at a DOX concentration of 10 mg kg-1. Scale bar is 50 um. (A and B Bottom panels) 

Quantification of the entire tissue sections stained with the antibodies as specified in the top 

panels. The data are presented as mean ± SD *p < 0.05.   
















































































































































