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ABSTRACT 

 

Peasah-Darkwah, Godwin, Influence of Paclitaxel Nanomedicine on the Pancreatic Tumor 

Immune Components. Master of Science (MS), July, 2022, 97 pp., 27 figures, references, 136 

titles. 

 Pancreatic cancer (PanCa) is one of the leading causes of cancer-related mortalities in the 

U.S due to ineffective therapeutic options. Pancreatic tumors are highly desmoplastic and inhibit 

efficient uptake of therapeutic payloads. Paclitaxel (PTX) has been tested in PanCa therapy with 

marginally better clinical outcomes, but remain limited by its poor hemocompatibility, 

biodistribution and intracellular accumulation in tumor cells. Thus, we synthesized a next-

generation nanoparticle system for PTX to improve its pharmacokinetics and pharmacodynamics 

(PKPD) in treating PanCa. We also examined ability of the nano formulation to potentiate 

gemcitabine (GEM) activity in combating chemoresistance in the pancreatic tumor 

microenvironment (TME).We generated a multi-layered Pluronic F127 coated paclitaxel loaded 

poly(lactic-co-glycolic acid) nanoparticle formulation (PPNPs) which demonstrated superior 

therapeutic efficacy over free PTX, effectively potentiated GEM activity in the pancreatic TME, 

and efficiently reprogrammed oncogenic M2 macrophages to an M1 profile to maintain a pro-

inflammatory phenotype. 
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CHAPTER I 

 

 

INTRODUCTION 

 

 

          Pancreatic cancer (PanCa) has been classed as the fourth leading cause of cancer-

associated deaths in the United States (US) alone (Sung et al.). This is mostly as a result of 

difficulty in detection of the disease, as well as development of chemoresistance mediated by the 

immunosuppressive tumor microenvironment (TME) (Ankeny et al.). According to Hoff et al. 

(2013), combination of Gemcitabine (GEM) and Abraxane® (albumin-bound paclitaxel) barely 

resulted in an approximately 8.5 months increase in overall survival (OS) compared to just 6.7 

months for single GEM therapy (Von et al.). Various novel drugs have been churned out in 

hopes of curing PanCa but with little to no avail because of several reasons such as poor immune 

tolerance, increased toxicity, poor bioavailability and distribution and rapid renal clearance (Di 

Marco et al.; Kleynberg, Sofi and Chaudhary; Pedersen; Rapoport et al.). These drugs or 

combination therapies thereby invariably fail by Phase II or Phase III clinical studies resulting in 

massive financial losses. Typical characteristics of PanCa that lead to these dreadful outcomes 

include an increasingly tortuous, leaky vasculature (Pries et al.; Provenzano et al.; Triantafyllos 

Stylianopoulos et al.), highly desmoplastic and hypoxic stroma (Albrecht Neesse et al.), as well 

as downregulated carrier and transport proteins (Farrell et al.).  
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          These features create an immunosuppressive TME surrounding the tumor that results in 

inefficient drug delivery and development of chemoresistance as a result of an elevated 

interstitial fluid pressure (Jain). This inhibits drug delivery through the tumor vasculature to the 

extracellular environment, and makes PanCa exceptionally difficult to treat (Siegel RL). Stand-

alone immunotherapies have rarely yielded significant clinical outcomes, mainly because of the 

dense, hypoxic pancreatic TME characterized by enormous fibrosis and high desmoplasia that 

impedes drug therapy (Christine Feig et al.; Sperb, Tsesmelis and Wirth). GEM is the current 

gold standard for chemotherapeutic drugs used in treating PanCa. However, PDAC tumours have 

acquired resistance to GEM by downregulating nucleoside transporters that facilitate GEM 

uptake in these cells and increasing activity of cytidine deaminase that degrades intracellular 

GEM (Farrell et al.; Frese et al.). This has necessitated development of alternative drugs that can 

demonstrate efficient anti-cancer activity against PanCa, particularly PDAC. Paclitaxel (PTX) is 

one such compound that has been utilized in PanCa therapy recently. PTX is a natural anti-

cancer agent isolated from Pacific Yew trees and utilized as a second line therapy in treating 

PanCa (Maeda et al.). PTX has demonstrated potent anti-tumour activity in several cancer types, 

including PanCa (He et al.). In a recent study, it was demonstrated that Abraxane® enhanced 

GEM uptake, as PTX downregulated activity of cytidine deaminase and facilitated increased 

intracellular GEM concentration (Frese et al.). Numerous studies have also demonstrated  

therapeutic efficacy of PTX in altering TME and desmoplasia to enhance GEM absorption and 

intracellular localization (Von et al.). However, the main shortcomings of PTX include poor 

solubility and hemocompatibility (Meng et al.). 
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          To avert this, various researchers have developed nano formulations of PTX to improve its 

activity. However, off-target delivery is one of the main limitations of current nano formulations 

of PTX such as Abraxane®. Others include rapid clearance by the renal system thereby 

decreasing the systemic half-life of PTX, phagocytosis by immune cells and poor drug delivery 

through the tumour microenvironment directly to tumour cells (Maeda et al.). Herein, we have 

characterized a novel PLGA-PTX nano formulation (PPNPs) by integrating the hydrogel 

Pluronic F127 which chemo sensitizes the immune tumour microenvironment to chemotherapy 

thereby improving efficacy of PTX in PanCa patients. Poly (lactic-co-glycolic-acid) is a 

biodegradable and hemo-compatible polymer approved for use in drug delivery systems by the 

U.S. Food and Drugs Administration (FDA) (Dinarvand et al.; Danhier et al.). Pluronic F127 has 

demonstrated therapeutic benefits in reversing drug resistance in the TME (Sosnik; W. Zhang et 

al.). Herein, we have shown that PPNPs effectively inhibit PanCa growth and metastasis in 

PanCa cell lines in a manner that is significantly superior to free PTX, and subsequently chemo 

sensitizes the pancreatic TME to GEM therapy in vitro. 
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Statement of the Problem 

          The pancreatic tumor immune microenvironment components cause a suboptimal delivery 

of therapeutic agents in tumors that eventually result in development of chemoresistance. The 

enhanced recruitment of tumor associated fibroblasts (TAFs), pancreatic stellate cells (PSCs), 

cancer initiating cells (CICs), tumor associated macrophages (TAMs) as well as other 

immunosuppressive components play a pivotal role in development, progression, metastasis, and 

therapy resistance of PanCa (Yoshikawa et al.; Mohammed et al.; Haqq et al.; Apte, Pirola and 

Wilson; Pan et al.). This dense desmoplastic stromal TME impedes drug delivery and contributes 

to chemoresistance by building high interstitial fluid pressure and downregulating transport 

proteins leading to poor prognosis and worse outcomes in PanCa patients. 

Statement of the Purpose 

          Targeting malignant pancreatic cells by small molecule inhibitors have demonstrated 

promising activity in improving immunotherapy in pre-clinical mouse models (Cassetta and 

Kitamura; Anfray et al.; Li et al.). An approach to navigating the stromal burden in the 

pancreatic TME and improving patient outcomes has been the development of combination 

therapies such as GEM combination with taxanes such as docetaxel and PTX (Von Hoff et al.). 

On September 6, 2013, the U.S Food and Drugs Administration (FDA) consented to the use of 

combination treatment regimens such as nab-paclitaxel with GEM, and this has moderately 

ameliorated (~1.8 months) PanCa patient’s survival (8.5 months vs. 6.7 months with GEM 

alone) (Massey et al.). Clinical studies have demonstrated that combination treatments involving 

PTX augmented the tumor microenvironment and desmoplasia by mechanisms yet to be 

identified and thereby significantly increased the rate of GEM uptake in pancreatic tumors (Von 

Hoff et al.).  
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          However, poor water solubility and substandard delivery limits effective long-term 

accumulation of PTX in pancreatic tumors and overall systemic circulation (Meng et al.). This 

has necessitated development of novel strategies to improve PTX bioavailability and distribution 

in circulation and improve patient outcomes. Thus, it is entirely possible that therapeutic 

outcomes regulated by the application of PTX can be further improved by employing targeted 

nano formulations of PTX with improved drug delivery outcomes and reversal of drug resistance 

in the TME. Indeed, a distinctive, Pluronic F127-coated paclitaxel loaded nanoparticles (PPNPs) 

formulation has been previously generated and it efficiently demonstrated lipid raft mediated 

internalization, effective growth suppression and metastasis in vitro, and in chemo-naïve and 

chemo-exposed orthotopic xenograft mouse models (Murali M Yallapu et al.; Murali Mohan 

Yallapu et al.; Massey et al.; Shetty et al.). These nanoparticles (NPs) also disrupted De Novo 

Lipid Synthesis in PanCa Cells and enhanced GEM efficacy (Massey et al.; Shetty et al.; Murali 

M Yallapu et al.; Murali Mohan Yallapu et al.). Based on this compelling evidence, it is 

hypothesized that PPNPs can not only enhance efficacy of PTX, but also influence components 

of the pancreatic immune TME and could be a novel therapeutic modality in PanCa 

chemotherapy to improve tumor immune surveillance and yield positive outcomes in clinical 

settings. This study would explore two main objectives: 

1: To evaluate chemo-sensitization and tumor microenvironment regulation of PPNPs in PanCa 

cells. 

          In this study, therapeutic efficacy of PPNPs would be determined by various in vitro (Cell 

Proliferation, Clonogenic, Boyden Chamber Cell Migration and Boyden Chamber Matrigel Cell 



 

6 

 

Invasion Assays), and ex vivo (Immunoblotting and Quantitative Real-Time Polymerase Chain 

Reaction (qRT-PCR)) studies using relevant PanCa cell lines.  

          Examination of the underlying molecular mechanisms that contribute to the PPNPs 

mediated inhibition of oncogenic signaling pathways that are involved in developing 

desmoplastic TME and chemo-resistance using relevant PanCa cells (Panc-1, HPAF-II, AsPC-1 

and MIA PaCa-II), would be conducted. 

 2: To investigate the effects of PPNPs on GEM activity in the pancreatic TME and associated 

immune components. 

          This study would interrogate the impact of PPNPs in combination with GEM on key 

molecules involved in pancreatic desmoplasia using stromal components. The study would also 

determine how PPNPs suppress polarization of M1 macrophages into Tumor Associated 

Macrophages (TAMs) and reprogram TAMs into an M1 profile using murine macrophages as a 

model system in vitro. 

. 
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CHAPTER II 

 

 

REVIEW OF LITERATURE 

 

 

Pancreas 

          The pancreas is an abdominal gland which is roughly six inches long and positioned 

between the stomach and the spine. Its pear-shaped nature affords a wide surface area to execute 

bodily functions (Network "What Is the Pancreas?"). This gland is both exocrine and endocrine 

and carries out two vital functions in the body – digestion and regulation of glucose levels in 

blood (Network "What Is the Pancreas?"). During food digestion, the exocrine cells secrete 

digestive enzymes through a system of minor ducts that converge into the main pancreatic duct. 

The pancreatic duct is responsible for transporting these pancreatic enzymes and other 

secretions, collectively called pancreatic juice, towards the common bile duct which also 

transports bile. These two ducts then converge at the ampulla of Vater in the duodenum and the 

bile and pancreatic enzymes can collectively enter duodenum to facilitate breakdown of fats, 

proteins, and sugars (Network "What Is the Pancreas?"). 

Pancreatic Cancer  

          Pancreatic cancer (PanCa) arises when an abnormality in normal pancreatic cells 

stimulates excessive proliferation of these cells that eventually results in a malignant tumor 

(Kleeff et al.). 
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          These abnormalities that drive over proliferation of pancreatic cells usually arise from 

alterations in genomic sequences because of epigenetic modifications, mutations, or lifestyle 

changes such as smoking, obesity, drinking and even age (Network "What Is Pancreatic 

Cancer?"). Exact causes of PanCa are barely understood but almost 10% of PanCa are classified 

as hereditary. Signs and symptoms of PanCa include jaundice, nausea, pancreatitis and weight 

loss (Network "What Is Pancreatic Cancer?"). There are two main types of PanCa based on 

origin of development - exocrine tumors and neuroendocrine tumors. The majority of pancreatic 

tumors are exocrine, forming about 85% of all pancreatic tumors, and the most common type is 

pancreatic ductal adenocarcinoma (PDAC) (Massey et al.). Neuroendocrine tumors constitute the 

remaining percentage of pancreatic tumors, and they are less common. As such, this study 

focuses on the main type of PanCa – pancreatic ductal adenocarcinoma, henceforth used 

interchangeably with “PanCa” to represent exocrine pancreatic tumors. 

Pancreatic Ductal Adenocarcinoma 

          Pancreatic ductal adenocarcinoma (PDAC) is a malignant growth of the ductal cells in the 

small pancreatic duct, often in the head of the pancreas. Due to the narrow diameter of these 

ducts, malignant growth of these ductal cells blocks normal flow of pancreatic juices and impair 

proper functioning of the pancreas in the body. PDAC is the most prevalent pancreatic neoplasm 

and forms about >90% of pancreatic tumor cases (Hezel et al.). 

Epidemiology 

          To ascertain the prevalence of PDAC and co-morbidities, it is imperative to factor the 

number of PDAC-diagnosed patients, morbidity, and mortality rates (Simoes et al.). A study by 

GLOBOCAN in 2020 found that the number of new reports of PDAC was 495,773, and this 

ranked as the fourteenth most prevalent cancer (Ushio et al.).  
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          The number of mortality cases, however, that was secondary to PDAC was 466,003 per 

year, ranking it seventh as a primary cause of cancer-associated mortality (Sung et al.). The one-

year OS rate of PDAC patients is barely 24%, whereas the five-year OS rate is just 9% (Sung et 

al.). This is, in part, due to an ineffective therapeutic response by current treatment options as 

well as challenges with early detection of the disease (Massey et al.). New cases of PDAC is 

highly variable globally, with the most age-standardized incidence rates reported in Europe and 

North America, while Africa and Central Asia recorded the least age-standardized incidence 

rates (Sung et al.). Comparison of risk associated with PDAC occurrence between developed 

regions and less developed areas posted age-standardized incidence rates of about 7.2 and 2.8, 

respectively, per 100,000; and about >50% of all PanCa cases are diagnosed in more developed 

areas (Simoes et al.). Males have higher incidence rates of PDAC (5.7 per 100,000, with 262,865 

cases) than females (4.1 per 100,000, with 232,908 cases) (Ushio et al.). Moreover, data from the 

United States SEER program (Surveillance, Epidemiology, and End Results) shows a marginally 

increased risk of PanCa incidence of PanCa with time (SEER). One major risk factor for PDAC 

is old age: the age-specific incidence rates of PanCa increased from 10.4 per 100,000 in those 

aged 55–59, to 24.0 in those aged 65–69, and to 55.7 in those aged 75 and beyond (Simoes et 

al.). Interestingly, Black/African-Americans recorded the highest percentage of PanCa incidence 

among all racial and ethnic groups in the United States (U.S), and Black Americans are highly 

likely to be predisposed to advanced disease with fairly low probability of being eligible for 

surgical procedure (Yeo). Factors that may influence this health disparity of PanCa observed in 

Black/African Americans may possibly include racial differences such as metabolism of 

cigarette smoke, low socio-economic status, and alcohol consumption etc.  
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          Low socio- economic status, in particular, has been linked with advanced stage of PanCa 

diagnosis with decreased positive rates of adjuvant therapy (Yeo).  

Causes and Risk Factors of PDAC 

          The exact mechanisms that underpin PDAC development and progression is not well and 

truly understood but it has been postulated that various risk factors such as pancreatitis 

(Lowenfels et al.), Type II diabetes (Yeo), smoking (Network "What Is Pancreatic Cancer?"), 

alcoholism, obesity and even age plays a vital role in establishment of PDAC (Figure 2-1) (Yeo). 

Also, previous studies have highlighted that PDAC development might be hereditary through 

germline mutations (Network "What Is Pancreatic Cancer?"). This emphasizes the role of 

lifestyle activities on malignant growth of PanCa cells. Nonetheless, lifestyle activities are 

somewhat manageable at best to help avert cancer development and progression in subsequent 

generations through education and awareness on the dangers of epigenetic factors in establishing 

PDAC. Alterations in DNA sequences that drive PDAC establishment ultimately sets the tone for 

progression of PDAC, and establishment of a dense, hypoxic desmoplastic stroma that 

establishes a near-impenetrable TME that impedes conventional therapies targeting PDAC. 

According to Pelosi et. al., (2017), the four most commonly mutated genes in PDAC include 

proto-oncogenic Kirsten-Rat sarcoma viral oncogene homolog (K-Ras), and the tumor 

suppressors, SMAD4, Tumor protein 53 (TP53) and P16/ cyclin-dependent kinase inhibitor 2A 

(P16/CDKN2A) (Pelosi, Castelli and Testa). 
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Figure 2-1. Various risk factors contribute to the establishment and progression of PanCa. These 

factors can predispose an individual to acquisition of PanCa. 

Signs and Symptoms of PDAC 

          PDAC is incredibly hard to manage because of the difficulty in detection at an early stage 

of the disease (Siegel RL). The early stages of the tumor are largely asymptomatic and symptoms 

begin to manifest only at an advanced stage of the disease (Lindquist et al.). There has been 

limited research on early detection of the disease, with the protein CA 19-9 having been 

identified as a potential biomarker. However, the levels of this protein have been shown to not 

reliably reflect the presence of PanCa (Engle et al.). Even at an advanced stage of the disease, 

most of the usual symptoms are non-specific such as asthenia, anorexia, weight loss, abdominal 

pain among others (Keane et al.), and these signs or symptoms can even be misinterpreted for 
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other diseases such as pancreatitis or ulcer (Rawla, Sunkara and Gaduputi; Freelove and 

Walling). 

Tumor Microenvironment and Immunosuppression in PDAC 

          PDAC is unique because the intertumoral effector cells are in significantly low numbers, 

compared to other solid tumors for which there is prominent infiltration of the tumor cells by T 

lymphocytes (Ino et al.; Fridman et al.). There is also an enormous rate of infiltration of 

immunosuppressive leukocytes into the TME. Furthermore, during the establishment and 

progression of PanCa, there is a strong desmoplastic stromal reaction that promotes angiogenesis 

and aids immune evasion (Ino et al.; Protti and De Monte). Also, the RAS oncogene controls an 

inflammatory cascade that establishes immune privilege in the TME of PanCa (Collins et al.). 

This dense stromal reaction, reinforced with platelet-derived growth factor (PDGF), 

proteoglycans, and fibronectin, creates a seemingly impenetrable wall that interacts with cancer 

cells and aids in progression and invasion, while at the same time serving as an immune barrier 

to immune effector cells capable of attacking tumor cells (C. Feig et al.). The increased 

recruitment of TAFs (Pan et al.), PSCs (Haqq et al.; Apte, Pirola and Wilson), CICs (Mohammed 

et al.), and TAMs (Yoshikawa et al.) also plays a pivotal role in development, progression, 

metastasis, and therapy resistance of PanCa. In addition, certain signaling pathways during 

cancer such as K-Ras (Almoguera et al.), nuclear factor kappa-light-chain-enhancer of activated 

B cells (NF-κB) (Carbone and Melisi), C-X-C chemokine ligand 12/C-X-C chemokine receptor 

4 (CXCL12/CXCR4) (Xu et al.), and Sonic Hedgehog (SHH) (Bailey, Mohr and Hollingsworth; 

Bailey et al.) have been shown to be crucial in modulating the TME, PDAC development, 

progression, and metastasis (Borst; Allum).  
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          These elements lead to a suboptimal delivery of therapeutic agents in tumors that 

eventually results in enhanced chemo-resistance. This uniquely immunosuppressive and highly 

desmoplastic TME (with pronounced fibrosis and extracellular matrix accumulation) is dominant 

in most cases of PDAC, and this presents an immunotherapeutic challenge. According to Fan and 

co-workers (Fan et al.), regulatory T cells (Treg) may play key roles in the creation of an 

immunosuppressive environment that favors activity of PDAC in the TME. Critical immune 

evasion mechanisms employed by PDAC cells involve downregulation of Major 

Histocompatibility Complex (MHC) class I molecules and the expression of genetic mutations in 

MHC Class I/II molecules that would result in erratic antigen presentation (Ryschich et al.; 

Pandha et al.; Birnbaum et al.). Furthermore, immune tolerance is observed in most PDAC 

patients, largely due to atypical expression of Fas receptor and Fas ligand. Ideally, normal 

healthy pancreatic epithelial cells possess only the Fas receptors but not the ligand. However, 

PDAC cells possess both - the Fas receptor in PDAC cells, albeit non-functional, exhibits some 

form of resistance to Fas-mediated apoptosis, while the ligand largely induces programmed cell 

death in immune effector cells (von Bernstorff et al.). Also, PDAC cells are responsible for 

recruiting immunosuppressive TAMs and myeloid-derived suppressor cells (MDSCs) via the C-

C motif chemokine ligand 2/ C-C motif chemokine receptor 2 (CCL2/CCR2) axis from 

peripheral circulation (Sanford et al.). They also express increased levels of CCL5 to facilitate 

recruitment of Treg cells, suggesting that Treg cells are recruited to lesions associated with 

PDAC (Tan et al.; X. Wang et al.). PDAC cells can facilitate the degradation of tryptophan, 

which is essential for the survival and activation of T cells, by producing the enzyme 

indoleamine 2,3-dioxygenase (IDO), leading to apoptosis and anergy of T cells (Uyttenhove et 
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al.; Peng et al.). These accentuate the role of PDAC epithelial cells in immunosuppression, but 

another critical component of PDAC in the TME that facilitates suppression of 

immunotherapeutic strategies is the stroma. In fact, according to Neesse and co-workers (A. 

Neesse et al.; C. Feig et al.), the stroma makes up about 90% of the PDAC tumor mass. The 

stroma facilitates the progression of fibrosis and inhibits delivery of antitumor regimens (Hwang 

et al.; Lonardo et al.), even to the extent of inactivating cytotoxic T cells and increasing the 

number of immunosuppressive cells (Wörmann et al.; Zheng et al.). At advanced stages of the 

diseases, the number of PSCs also increase. PSCs are a special type of cancer-associated 

fibroblast (CAFs) associated with PDAC (Shi et al.). Upon activation, these cells produce 

CXCL12 which inhibits the infiltration of CD8+ T cells in the stroma, but not in the cancer nests 

(Ene-Obong et al.). These PSC cells can also induce T-cell anergy and apoptosis by expressing 

galectin-1 (Tang et al.). The stroma, therefore, serves as a significant barrier against anti-tumor 

immune functions, and thus targeting the TME can be an innovative means to improve access of 

effector immune cells to PanCa, particularly in PDAC. Unfortunately, attempts at 

immunotherapy in PanCa, to date, have not achieved any significant clinical benefits as stand-

alone treatment. 
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Figure 2-2. PDAC carcinogenesis and subsequent advancement triggers the swing from 

predominantly inflammatory immune cells to immunosuppressive populations. At early PDAC 

stages, T-cell receptor (TCR) activation by Antigen Presenting Cells (APCs) activates 

downstream signaling pathways and consequently leads to immature T cell proliferation and 

maturation into immune effector cells. A basic anticancer immune cell network ensures effector 

T and Natural Killer (NK) cells delimit proliferation of tumors. Critically, some primed T 

lymphocytes remain inactive and can be activated and differentiated into Tregs, just as non-

primed lymphocytes. Tregs release immunosuppressive cytokines that inhibit activity of 

Cytotoxic T lymphocytes (CTLs), T helper 1 (Th1) and NK cells. T regulatory 1 (Tr1) cell 

release anti-inflammatory cytokines which dampen the pro-inflammatory response initiated by T 

helper 17 (Th17) cells. 
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Current Treatment Modalities for PDAC 

          The five-year survival rate for PDAC has been sub-par (<10%), even though breakthrough 

in detection strategies and therapeutic modalities have gradually ameliorated clinical outcomes 

associated with this fatal malignancy (Siegel, Naishadham and Jemal). Survival rates are 

characteristically classified, as demonstrated in SEER records, into either localized, regional, or 

advanced disease. As such, the five-year survival range for localized disease (37.4%) drops down 

drastically to just 2.9% with advanced/metastatic cancers (Engbang et al.). Surgical resection as 

an arm of treatment sequencing appears to be the ideal curative measure, but more than 80% of 

patients with advanced diseased are classified as inoperable upon diagnosis (Sclafani et al.). 

Even for surgically resectable candidates, local disease recurrence is very prevalent (Zhang, 

Sanagapalli and Stoita). Recent studies have shown, however, that immunotherapy strategies 

have yielded enormous successes in treating PDAC (Schizas et al.), with some researchers even 

employing nanoscale drug delivery systems to enhance targeted disease therapy of PDAC 

(Sengupta et al.). 

Immunotherapy of PDAC 

          This strategy deploys monoclonal antibodies to actively target immune checkpoint 

molecules through inhibition of Cytotoxic T-Lymphocyte–associated Antigen 4 (CTLA-4), 

Programmed-cell Death protein-1 (PD-1) and Programmed-cell Death protein Ligand-1 (PD-L1) 

(Brower). This has impressively led to a paradigm shift in the treatment of melanoma, lung 

cancer, renal cell carcinoma, among other malignancies (Brower). This approach offers an 

alternative therapeutic response beyond surgery, radiation therapy and chemotherapy.  
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          However, there has been relatively little success in the use of immunotherapy in treating 

PanCa, as opposed to other types of malignancies, with the incredibly dense tumor 

microenvironment of PanCa serving as a major obstacle to the effective deployment of 

immunotherapy in targeting PanCa cells (Torphy, Zhu and Schulick). This has revolutionized the 

need to adopt combative and much more effective immunotherapeutic strategies to navigate this 

drawback (Torphy, Zhu and Schulick). Commonly used immunotherapeutic treatment modalities 

in PDAC therapy include immune checkpoint inhibition using inhibitors such as Ipilimumab, 

Pembrolizumab, Tremelimumab and Atezolizumab; therapeutic vaccines, and adoptive cell 

transfer such as Adoptive CAR-T cell therapy (Fan et al.). Other studies employ combination 

treatments of either treatment option such as adoptive cell transfer with whole cell vaccines, 

vaccines with immune checkpoint blockade etc. Various clinical studies involving combination 

therapies in PDAC immunotherapy have shown promising results. A combination therapy of 

ipilimumab and GEM was examined in a phase Ib clinical trial (NCT01473940), and preliminary 

data obtained demonstrated a median progression-free survival (PFS) of 2.5 months (95% CI 

0.8–4.8) and median OS of 8.5 months (95% CI 2.2–10.3) (Schizas et al.). Among 11 patients, 

two exhibited partial response (PR) and five had stable disease (SD). Issues of toxicity were 

largely hematological. Further, clinical trials involving a combination therapy of ipilimumab 

with nivolumab (an anti PD-1 agent) is still ongoing with encouraging results (Schizas et al.). 

Moreover, in a phase I trial (NCT00556023), Aglietta et al. (2014) examined the potency of 

Tremelimumab when administered with GEM and the tumor response was assessed in 34 

patients. 28 of the patients had a median OS of 7.4 months (95% CI 5.8–9.4).  
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          Two patients showed PR and 7 patients had SD for >10 weeks with manageable levels of 

toxicity (Aglietta et al.). Furthermore, combination therapies of vaccines with immune 

checkpoint inhibitors have been quite successful in PDAC therapy. One phase I clinical trial 

assessed the efficacy of ipilimumab as a single agent as opposed to ipilimumab + GVAX in 

locally advanced and metastatic pancreatic tumors. This study recruited 30 randomly selected 

patients in a 1:1 ratio of either high-dose ipilimumab (10mg/kg) in one group, and ipilimumab + 

allogeneic PDAC malignant cells transfected with GM-CSF cell-based vaccines (GVAX) in the 

second group (D. T. Le et al.). The results accrued presented strong evidence regarding 

increasing efficacy of the combination therapy. The combination therapy was also found to be 

safe and tolerable and exhibited disease control in a total of 5 patients. Two single agent 

ipilimumab-treated patients in one arm posted SD at 7 and 22 weeks, while three patients 

administered with the combination therapy of ipilimumab + GVAX had prolonged SD at 31, 71 

and 81 weeks respectively (Dung T Le et al.). Other combination therapies have explored 

Tremelimumab (Aglietta et al.), Pembrolizumab and Atezolizumab (Schmid et al.) as single 

agents and combination therapies in PDAC therapy. The major limitation to immunotherapy, 

however, is the barrier posed by the strong desmoplastic stroma and immunosuppressive TME 

that can possibly impede entry of T cells potentially targeted at eliminating the tumor cells. 

Challenges of PDAC Therapy 

          Effective, minimally toxic systemic therapy for PDAC remains a continually unmet need. 

Over the years, surgical resection, chemotherapy, and radiation therapy have been employed in 

the treatment of PanCa with limited degrees of success (Stathis and Moore).  

          The major barrier to success to these treatment modalities has been attributed to the 

immunosuppressive TME that poses a major obstacle to effective antigen-presentation, and 
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subsequent infiltration by T effector cells (Ino et al.). Moreover, PDAC cells employ 

impressively shrewd immune evasion mechanisms that enable them to avoid immune scrutiny, 

while simultaneously facilitating and promoting growth, invasion, angiogenesis, and metastasis 

in host (Wörmann et al.). This pertinent eccentricity of PDAC cells and their associated 

microenvironment has been the major bane to deployment of conventional systematic therapy of 

PanCa, even though such conventional therapies have chalked immense success in treating other 

types of carcinomas such as melanoma and lung cancer. Various strategies have been touted to 

overcome these challenges in PDAC therapy. One strategy is Next Generation Sequencing 

(NGS). NGS presents a sustainable strategy of identifying vital somatic and germline genetic 

aberrations that underpin PDAC development and progression (Anteneh A Tesfaye et al.). NGS 

may facilitate identification of specific patient groups that require specialized therapeutic 

modules and help discover novel therapeutic targets that may help redesign treatments tailored to 

specific mutations (Anteneh A Tesfaye et al.). This is particularly crucial because according to 

Tesfaye et. al., (2018), there are presently no therapeutic agents that specifically target the four 

prominent mutations, proto-oncogene K-RAS, and the tumor suppressors, SMAD4/DPC4, TP53 

and P16/CDKN2A in PDAC (Anteneh A Tesfaye et al.). These mutations have an incredibly low 

rate of prevalence in PDAC (Kleeff et al.) and as such, are not factored in clinical studies unless 

enrolled in mutation-specific clinical trials (Biankin, Piantadosi and Hollingsworth). Also, 

another challenge is the design of clinical trials based on patients with PanCa.  
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          This is because PanCa is rare, and as such it is incredibly hard to accrue a large sample 

size of patients, particularly those with PDAC (A. A. Tesfaye et al.)

 

Figure 2-3. Schematic diagram of PDAC progression from normal cells to invasive 

adenocarcinoma in mammalian tissues. 

Nano Immunomedicine 

          Conventional chemotherapeutics face challenges regarding the delivery of effective 

concentrations directly to pancreatic tumors without extensive systemic toxicities. In recent 

years, the generation of nanomedicines has afforded researchers the luxury of developing 

creative strategies for sustained drug delivery at tumor sites (Sahoo and Labhasetwar; Park et al.; 

Fortina et al.; Grodzinski, Silver and Molnar; Vasir and Labhasetwar "Targeted Drug Delivery in 

Cancer Therapy"; Vasir and Labhasetwar "Polymeric Nanoparticles for Gene Delivery"; 

Sengupta et al.). Drug delivery systems at the nanoscale level such as liposomes, polymers, and 
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other NPs, have yielded promising novel insights for enhanced encapsulation and sustained 

delivery of anti-tumor agents (Sahoo and Labhasetwar; Park et al.; Jain et al.; Vasir and 

Labhasetwar "Targeted Drug Delivery in Cancer Therapy"; Vasir and Labhasetwar "Polymeric 

Nanoparticles for Gene Delivery"). Nanoparticles are about 100-300nm in size and are ideal for 

drug delivery. This is because they selectively accumulate at tumor sites due to the leaky 

vasculature of the TME network, in a phenomenon termed as the Enhanced Permeation and 

Retention (EPR) effect (Bertrand et al.; Acharya and Sahoo). As such, nanotherapeutic 

formulations present distinct advantages over conventional approaches such as chemotherapy 

and radiotherapy in clinical cancer studies. Prominent nano formulations of conventional anti-

cancer agents include Abraxane®, Doxil, Genexol-PM, CALAA-01, MCC-465, MBP-426, and 

BIND-014, and these have gained clinical approval by FDA for applications in clinical trials 

(Kamaly et al.). The goal of nanoencapsulation of therapeutic drugs is basically to enhance 

pharmacokinetics and efficacy of the drugs while concurrently decreasing systemic toxicity. 

Further, nanoencapsulation may improve the poor water solubility of certain therapeutic 

compounds and can serve as a multi-drug delivery carrier system (L. Zhang et al.). As a result of 

their relatively miniscule sizes, nanomedicines can selectively target solid tumors by exploiting 

irregularities in the TME vasculature (T. Stylianopoulos et al.; Sapra and Allen). The surface 

properties of NPs such as surface charge, shape and size regulate the passive accumulation of 

NPs in tumor tissues via the EPR effect (Acharya and Sahoo). This facilitates interrogation 

between the NPs and tumor cells after surface modification with targeting ligands. This improves 

selectivity and limits off-target toxicity associated with conventional chemotherapy. Thus, nano 

formulations of therapeutic drugs used to treat PDAC presents an intriguing therapeutic modality 
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with the potential to augment the therapeutic efficiency of drugs and can potentially mimic cell-

cell interactions to enhance tumor cell uptake (Chen, Wang and Gu). As such, nanomedicine 

formulations can distinctly evade biological barriers, protect their inherent payload from 

enzymatic or other forms of degradation, and achieve targeted delivery to tumor sites (El-

Zahaby, Elnaggar and Abdallah). 

Nab-Paclitaxel 

          PTX mixed with albumin extracted from human serum in an aqueous solvent, forms a 

100–200 nm drug nanoparticle in the form of albumin bound paclitaxel (nab-paclitaxel) (Frese et 

al.). Nab-paclitaxel has been studied thoroughly for its therapeutic potential in other types of 

cancers such as breast cancer (Schmid et al.), ovarian cancer (Parisi et al.), prostate cancer 

(Shepard et al.) and non-small-cell lung cancer (Kenmotsu et al.), and has been trialed for PanCa 

in multiple studies (Von Hoff et al.; Palacio et al.; Hosein et al.). Clinical studies (phase I/II and 

phase II) on the therapeutic potential of nab-paclitaxel yielded disparate results  (Hosein et al.; 

Von Hoff et al.). The nano formulation exhibited promising competency in the first study but 

yielded discouraging results from the second study - promising beneficial effects of a 

combination of nab-paclitaxel and GEM were reported in the first study (Von Hoff et al.). The 

second study involved patients with advanced PanCa, and this study failed to show convincing 

therapeutic effect of this medication (Hosein et al.). As such, novel nano formulations such as 

PPNPs would present an added advantage over current nano formulations such as Nab-paclitaxel 

by chemo sensitizing the TME to GEM therapy via a mechanism mediated by Pluronic F127 to 

improve therapeutic outcomes. 
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Future Directions on PDAC Therapy 

          Although PanCa, and as such PDAC, remains a highly recalcitrant disease, the 

introduction and sustained utilization of nano formulations presents a new field of clinical 

potential and relevance to the generation of effective pathways and modalities aimed at treating 

this disease. Future research must focus on the development and advancement of efficient early 

detection strategies for PanCa to decrease mortality due to late detection of disease. Further, 

deployment of more up-to-date targeting of therapeutic agents is needed along with relatively 

simple ways to clinically test them for approval and marketing. It is quite unfortunate that most 

synthetic drugs that have demonstrated immense potential to combat PanCa have not yet been 

designed and implemented into nanocarrier systems. It is hoped that advancements in research, 

including research on anti-cancer agents and nanotechnology, might offer promising modalities 

to resolve issues of chemoresistance and offer new hope for PanCa immunotherapy. In addition, 

an exploration of nature’s resources can help discover new anti-neoplastic agents, and by 

incorporating them into nano-carrier delivery systems, would offer a new weapon in the quest to 

solve the problem of resistance and decrease or eventually eradicate systemic toxicity. The field 

of exploiting nanocarriers in cancer treatment is promising for future research in PanCa therapy, 

but it is important to understand the field of nano-toxicology. Recent publications on 

nanomedicines have failed to cover long term toxicity studies (including organ accumulation 

especially in the kidney). According to El-Zahaby et al (2019), development of novel 

multifunctional nanoparticles that can combine the capabilities of diagnosis and treatment of 

PanCa, in addition to, monitoring the drug delivery and distribution would be ground-breaking. It 

is the hope that future research into nano-immunotherapy will yield considerable progress in the 

fight against PanCa, particularly PDAC. 
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CHAPTER III 

DEVELOPMENT AND PHYSICOCHEMICAL CHARACTERIZATION OF PACLITAXEL

 LOADED PLGA NANOPARTICLES (PPNPs) 

Materials and Methods 

Synthesis of PPNPs 

          Synthesis of PPNPs was carried out using a modified protocol as previously described 

(Figure 3-1). Here, an aqueous solution of 1% Poly vinyl Alcohol (PVA) (Sigma, P8136) was 

prepared separately. Then, a solution of PLGA (Lacteal Polymers, B6010–4) in acetone (90 mg/5 

ml) was also prepared in two separate vials, one for PLGA control and the other for PPNPs.

Upon dissolution of PLGA in acetone, 10 mg of PTX (Advanced ChemBlocks, F-4194) was 

added to one of the vials with the PLGA-acetone mixture to yield PPNPs. As such, there were 

two different mixtures now: one with just PLGA mixed in acetone and the other with PLGA-

PTX mixed in acetone to generate PPNPs. Next, each mixture (PLGA vehicle control and 

PPNPs) was added dropwise to individual PVA solutions then stirred overnight at 800-900 rpm 

while the container was loosely covered with foil to facilitate acetone evaporation. After 24 h, 5 

mg/ml of Poly L-Lysine (PLL) (Sigma, P2636) and Pluronic F127 (Sigma, P2443) was prepared 

using Milli-Q water and 2 ml of the resulting solution added dropwise to each vial (PLGA 

vehicle control and PPNPs). 
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          Each formulation was then stirred for 7 h, then diluted to 20 ml with Milli-Q water. Each 

vial was then aliquoted into 1.5 ml tubes and stored at −20°C. One tube each of PLGA vehicle 

control and PPNPs was transiently sonicated using a probe sonicator (MISONIX Inc.) to ensure 

thorough homogeneity for characterization.  

Characterization of PPNPs 

          Particle Size. A JEOL-1210 transmission electron microscope (TEM) (JEOL Ltd., Tokyo, 

Japan) that was set at 60 kV was employed to ascertain the particle size and surface morphology 

of PPNPs. Here, 50 µL suspension of 1 mg/mL PPNPs preparation was gently pipetted unto a 

200 mesh formvar-coated copper TEM-grid (grid size: 97 μm) (Ted Pella, Inc., Redding, CA), 

and then subsequently stained with 2% w/v uranyl acetate stain. The grid was then air-dried after 

1 h to clear excess stain, then TEM imaging of stained particles on the TEM-grid. Also, Dynamic 

Light Scattering (DLS) analysis was used to further ascertain particle size and charge. 
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Figure 3-1. Diagram showing preparation method (nanoprecipitation) of PPNPs  

          Drug Loading. For drug loading analysis of PPNPs, freshly prepared PPNPs samples 

were spun thrice at 20,000 rpm for 120 min at 4º C using Eppendorf Centrifuge 5920R, then re-

suspended in high-grade purified water and sonication on ice for 1 min. The supernatant was 

then discarded, leaving the pellet. Next, the pellet was re-suspended, lyophilized, and PPNPs 

from the pellet was extracted using 1 ml of acetonitrile for 48 h. Then, an UltiMate high-

performance liquid chromatography (HPLC) (Dionex Corporation) equipped with UltiMate 3000 

injector, RS variable wavelength detector, and an Acclaim polar advantage column of 3 μm 120 

Å (4.6 × 150 mm) was employed to determine and analyze the concentration of PPNPs in the 

extract. The mobile phase of the extract contained a mixture of 1% citric acid: acetonitrile 

(40:60, v/v). An auto injector (Model 508, Beckmann Instruments) was used to inject 50 μL of 

the extracted samples for analysis of peaks using a UV detector with a wavelength of 279nm. 

The retention time was examined at ~18-20 min. A linear calibration curve in the range of 1 to 

10 μg/mL was obtained at the same working condition for PPNPs. From this data, the PPNPs 

loading content was calculated as follows: 
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          Fourier-Transform Infrared. Fourier-Transform Infrared (FT-IR) spectra of PPNPs were 

detected with an FT-IR microscope (Smiths Detection, Danbury, CT). The spectra data, 4,000–

750 cm-1, was imaged at a cm-1 speed for 32 scans by placing lyophilized PPNPs powder on the 

attenuated total reflection objective. The final data is reported as mean of 32 scans.  

          Thermal Analysis. Thermal analysis of PPNPs was done via differential scanning 

calorimetry (DSC) and thermo-gravimetric analyzer (TGA) to ascertain physical status and 

thermal configuration of PPNPs. Both DSC and TGA profiles were carried out on a Q50 TGA 

(TA Instruments, New Castle, DE) under dry nitrogen atmosphere (a flow rate of 10 mL/min) 

from 25° C to 700° C at the heating rate of 10° C/min.  

          In Vitro Drug Release (Dialysis Bag Method). Dialysis membrane bag-based drug 

release method was employed to evaluate release of PTX from PPNPs in PBS containing 0.1% 

(wt/vol) Tween-80 (PBS-T). In detail, 1 mL of 180 μg PTX/mL PPNPs suspension was placed in 

a dialysis membrane bag (molecular weight cut off size, 12 kDa, Sigma–Aldrich Co., St. Louis, 

MO) which was immersed in 3 ml PBS-T, pH 7.4 in a tube at 37° C and rotated at 100 rpm on an 

orbital shaker. The released drug from PPNPs into PBS-T was estimated at indicated time points 

[1 h, 3 h, 6 h, day 1 (24 h), day 3 (72 h), day 5 (120 h), and day 7 (168 h) using acetonitrile for 

drug extraction. The released PTX was analyzed by Waters HPLC Alliance system equipped 

with an e2695 separations module and a Waters 2998 photo-diode array (PDA) detector 

(Milford, MA, USA). Samples were analyzed using a Waters HPLC system which has an auto 

injector, and the instrument was operated by use of Empower2® software (Milford, MA, USA). 
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          Components were separated on a Waters C18 reversed- phase column (Milford, MA, 

USA) with 300 mm × 4.6 mm dimensions and 5 μm particle size. A linear calibration curve in 

the range of 0.1 to 10 μg/mL was obtained as identical to drug release process and calculated the 

released drug from PPNPs formulation. The data is represented as percent release.  

          Colloidal Stability of Nanoparticles in Whole Human Serum Albumin (WHSA). In 

vitro stability of nanoparticles with human serum is critical to ascertain hemocompatibility of 

these formulations in vivo. Incompatible nanoparticles in human serum clump together and 

generate higher absorbance values. The Spectrophotometer absorption method was employed to 

analyze human serum compatibility of PPNPs since the serum is murky and DLS analysis would 

be inappropriate under such conditions. For this experiment, PPNPs was finally prepared at 1 

mg/mL concentration; from this stock solution we incubated 100 μL of this novel formulation 

with 100 μL of whole human serum albumin at 37º C for different time points from 0 h to 48 h. 

At each time point, absorbance was measured at 560 nm utilizing Cytation 3 imaging multi 

microplate reader (Bio Tek).  

Statistical Methods  

          Statistical analysis was determined by using an unpaired, two tailed student’s t-test. The 

results were considered significant if P< 0.05. All graphs were generated using GraphPad Prism 

5 software and Statistical Package for the Social Sciences, version 11.5 (SPSS Inc., Chicago, IL).  
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Results 

Schematic Representation of Preparation of PPNPs 

          PPNPs formulation (Figure 3-2, A) has a variety of distinct properties. The FDA-certified 

biodegradable PLGA core can store and gradually release PTX, and PVA stabilizes the 

formulation for > 6 months and prevents off-target adsorption of systemic serum proteins 

[Massey, 2019 #2]. Also, PLL facilitates cellular internalization, has minimal toxicity relatively 

and serves as a charge enhancer while the amine functional groups on PLL aid in antibody 

conjugation (Massey et al.). Pluronic F127 polymer has been demonstrated to overcome drug 

resistance (W. Zhang et al.; Yallapu, Jaggi and Chauhan).  

DLS Characterization and Zeta Potential for PLGA and PPNPs 

          DLS characterization showed a median particle size of 140 nm for PLGA and 160 nm for 

PPNPs (Figure 3-2, B) and demonstrated a moderately negative zeta potential (Figure 3-2, C).  

FT-IR and XRD Spectra for Free PTX, PLGA, and PPNPs 

          Next, FT-IR and XRD analyses were performed to confirm uptake of PTX in PPNPs. FT-

IR spectrum data from PLGA analysis (Figure 3-2 E, black line), exhibited intense peaks at 1000 

cm-1, 1281 cm-1, and 1010 cm-1 because of C=O stretching of ester, C-O stretching of ester, and 

glycosidic (C–O–C/C–C/C–O) stretch vibrations (Massey et al.). Distinctive FT-IR and XRD 

peaks were observed for PTX (Figure 3-2 D/E, red line), but after drug encapsulation these sharp 

peaks were no longer noticeable in PPNPs (Figure 3-2, D/E, green line), which was strikingly like 

the PLGA vehicle control (Figure 3-2 D/E, black line). XRD analysis followed the same trend – 

PTX crystalline peaks were unnoticeable after drug encapsulation in PPNPs (Figure 3-2 D/E).
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Characterization of PPNPs by Atomic Force Microscopy 

          Atomic Force Microscopy (AFM) imaging exhibited smaller particle sizes in the air 

(approximately 90-120 nm), possibly because of swelling in a liquid environment as observed 

with DLS (Figure 3-2, F, i–ii). In both PLGA and PPNPs, there was no significant difference in 

the modulus. However, there is a dearth of knowledge on the possible effects of other polymers 

in this particle system. 

Drug Release Profile of PPNPs  

PPNPs had excellent drug release profile with distinctive wavelength at 227nm, and a retention 

time of 112.02 seconds (Figure 3-2, G).  

 

**Adapted with permission from Massey, Andrew E., et al. "Next-generation paclitaxel-

nanoparticle formulation for PanCa treatment." Nanomedicine: Nanotechnology, Biology and 

Medicine 20 (2019): 102027. 
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Figure 3-2 A. Schematic representation of preparation of PPNPs. 
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Figure 3-2 B. DLS characterization of PLGA and PPNPs. 
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Figure 3-2 C. DLS characterization of zeta potential for PLGA and PPNPs. 
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Figure 3-2 D. FT-IR spectra for free PTX, PLGA, and PPNPs 
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Figure 3-2 E. XRD spectra for free PTX, PLGA, and PPNPs 
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Figure 3-2 F. Topographical and physical analysis of PLGA and PPNPs by atomic force 

microscopy. Representative 2D and 3D images (2×2 μm2) of PLGA and PPNPs (i-ii). Modulus 

data for two separate samples (iii-iv) 
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Figure 3-2 G. Drug release profile of PPNPs. Representative chromatograph of PTX with 

distinctive wavelength peaks and retention time (G). 
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CHAPTER IV 

EVALUATION OF ANTI-PROLIFERATIVE ACTIVITY OF PPNPs IN PANCREATIC CANCER 

Materials and Methods 

Cell Culture 

          PanCa cell lines (Panc-1, HPAF-II, AsPC-1, MIA PaCa-2) were obtained from American 

Type Culture Collection (ATCC) (Manassas, VA, USA). These cell lines were cultured on 

appropriate media specified for each cell line, according to ATCC guidelines. Each media 

(RPMI, DMEM, DMEM-F12) was supplemented with 10% heat inactivated FBS (Atlantic 

Biologicals, Lawrenceville, GA, USA) and 5 mL 1X antibiotic/antimycotic. All PanCa cell lines 

were incubated at 37°C with 5% CO2 humidity. 

Cell Proliferation Assay 

          In the cell proliferation assay, PanCa cell lines (Panc-1, HPAF-II, AsPC-1, and MIA 

PaCa-2) were seeded at 5 × 103 cells/well density in 96-well plates and incubated at 37°C for 24 

h to facilitate cell attachment. After incubation, the cells were treated with different 

concentrations of either free PTX or PPNPs nano formulations for 72 h. DMSO served as control 

and Poly (lactide-co-glycolide) (PLGA) without the drug were used as vehicle controls. 

CELLS 
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          After 72 h, cells were imaged under an optical microscope to observe treatment effects. 

Images were captured with an Olympus microscope (Olympus, Center Valley, PA). Next, 20 μL 

of MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) reagent (Cell Titer 96 

Aqueous, Promega Corporation, Madison, MI) were added to each well, and plates were 

incubated for 3 - 4h. After the incubation period and upon observation of crystal formation in all 

wells, the media was aspirated from all the wells and 100µL of DMSO added to each well. The 

well plate was then agitated gently for 15 min on a shaker to completely solubilize the crystals 

and the optical density (absorbance) for each well was recorded at 590 nm 

spectrophotometrically using a BioMate 3 microplate reader (Thermo Fisher Scientific, 

Pittsburgh, PA). Each experiment had 6 replicates for accuracy of results. 

Colony Forming Assay 

          PanCa cell lines (Panc-1, HPAF-II, AsPC-1, MIA PaCa-2) were seeded at the density of 

500 cells/well in 12-well plates and incubated at 37°C with 5% CO2 for 24 h to facilitate cell 

attachment. Next, the cells were treated with different concentrations of either free PTX or 

PPNPs and subsequently incubated for 14–16 days. Poly (lactide-co-glycolide) (PLGA) without 

drug were used as vehicle controls. During plate termination, plates were washed twice with 1X 

PBS to remove dead colonies, fixed with ice-cold methanol (MeOH), stained with 0.5% crystal 

violet in 25% methanol, and washed with running distilled water. Plates were then air-dried and 

visualized with a gel doc (Bio-Rad, Hercules, CA). Colonies were counted using ImageJ (Image 

J software, NIH USA), and each experiment conducted in triplicates for accuracy of results. 

Statistical Methods 

          Quantitative data were presented as mean ± standard error (SEM) in this study. Statistical 

analyses were conducted by using an unpaired, two-tailed student’s t-test.  
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          The results are considered significant if P< 0.05 (ɑ = 0.05). All graphs were generated 

using GraphPad Prism (5.03, GraphPad Software, Inc., La Jolla, CA, USA). 

Results 

PPNPs Treatment Inhibits Cellular Proliferation of Various PanCa Cells 

          A peculiar feature of cancer cells is their ability to over-proliferate into tumor masses that 

eventually results in establishment and development of tumors. The rate of proliferation of 

cancer cells is unmanageable at best. As such, a high-quality anticancer drug candidate should be 

able to impair cell proliferation. PPNPs demonstrated superior therapeutic efficacy in inhibiting 

cellular proliferation of PanCa cells compared to free PTX in a dose-dependent (2.5–80 nM) 

manner (Figure 4-1). IC50 of PPNPs in Panc-1 was approximately 5 nM (Figure 4-1, A), while 

the IC50 was approximately 10 nM in HPAF-II (Figure 4-1, B), AsPC-1 (Figure 4-2, C) and 

MIA PaCa-2 (Figure 4-2, D) cells at 72 h.  

PPNPs Treatment Inhibits Clonogenic Potential of Various PanCa Cells 

          Also, a major hallmark of cancer is the capability of a single cell to proliferate and 

establish large colonies. Gradual, continued release of PTX from PPNPs may exhibit long term 

inhibitory effects on cells and this was observed in the reduced colony forming ability of the 

cells after 14 days. It was observed that PPNPs sufficiently inhibited colony forming abilities of 

PanCa cells better than free PTX in a dose-dependent manner (Figure 4-3, A-D) with markedly 

significant differences observed at 2.5 and 5 nM concentrations (p < 0.01) of both drugs in Panc-

1 (Figure 4-3, A, i), HPAF-II (Figure 4-3, B, ii), AsPC-1 (Figure 4-4, C, iii) and MIA PaCa-2, 

where there were no colonies remaining after the treatment duration (Figure 4-4, D, iv).
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Figure 4-1. Effect of PPNPs on cell proliferation of PanCa cells. PPNPs inhibited cellular proliferation of Panc-1 (A) and HPAF-II 

(B). Values in bar graph represent mean ± SEM of 6 wells. Significant values = *p < 0.05. 
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Figure 4-2. Effect of PPNPs on cell proliferation of PanCa cells. PPNPs inhibited cellular proliferation of AsPC-1 (C) and 

MIA PaCa-2 (D). Values in bar graph represent mean ± SEM of 6 wells. Significant values = *p < 0.05. 



Figure 4-3. Effect of PPNPs on clonogenic potential of PanCa cells. Representative colony images of control and PPNPs 

treated groups of Panc-1 (A) and HPAF-II (B). Average colony counts in bar graph for Panc-1 (i) and HPAF-II (ii). Values in 

bar graph represent mean ± SEM of 3 wells. Significant values = *p < 0.05 
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Figure 4-4. Effect of PPNPs on clonogenic potential of PanCa cells. Representative colony images of control and PPNPs treated 

groups of AsPC-1 (C) and MIA PaCa-2 (D). Average colony counts in bar graph for AsPC-1 (iii) and MIA PaCa-2 (iv). Values in bar 

graph represent mean ± SEM of 3 wells. Significant values = *p < 0.05
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CHAPTER V 

DETERMINATION OF EFFECT OF PPNPs ON APOPTOTIC PROTEINS IN

 PANCREATIC CANCER CELLS 

Materials and Methods 

Quantitative Real Time-Polymerase Chain Reaction 

          To assess the gene expression activity of PanCa cell lines treated with PPNPs, 1 × 106 cells 

were plated on 100 mm plates and incubated overnight for cellular attachment. Then, cells were 

treated with 10 nM concentration of PTX and PPNPs and incubated for 48 h. Next, the adherent 

cells were collected, and the total RNA extracted with the Qiagen RNeasy kit (Qiagen Inc., 

Valencia, CA, USA). Reverse transcription was performed with the High-Capacity RNA to 

cDNA kit and amplified with SYBR Green PCR master mix (both from Applied Biosystems). 

The cDNA was then amplified with specific primers based on the gene of interest. Each reaction 

was performed in triplicates with a MyiQ single-color real-time PCR thermocycler and analyzed 

with GeneX (Microsoft Excel macro provided by BioRad). An endogenous control, 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was employed as a normalization control. 

PLGA served as the vehicle control.  

Immunoblotting 

          In this experiment, 2 × 106 cells were plated on 100 mm plates and incubated overnight for 

cellular attachment. Cells were then treated with 10 nM PTX or PPNPs for 48 h. 
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          Then, cells were washed twice with 1X PBS, and 300µL of Sodium Dodecyl Sulfate 

(SDS) buffer (Santa Cruz Biotechnology, Santa Cruz, CA) containing 10 µL/ml each of 

protease/phosphatase inhibitors and Ethylenediaminetetraacetic acid (EDTA) added to each plate 

to lyse cells. Cell lysates were then collected by scraping cells with a cell scraper into 1.5ml 

centrifuge tubes. Lysates were subsequently sonicated for 30–40 s and spun at 15,000 rpm at 4 

°C for 15min and supernatant collected.  All steps were carried out on ice. Next, the Bradford 

Assay was employed to determine the quantities of protein concentration in each sample. 20 μg 

of protein from each treatment group was loaded and differentiated by 4–20% SDS-PAGE gel 

electrophoresis at 100 V for 80 min. Separated proteins were then transferred onto a poly 

(vinylidene difluoride) (PVDF) membrane and electrophoresed at 100 V for 80 min. The blots 

were then blocked with 5% non-fat milk in Tris buffered Saline with Tween 20 (TBS-T) at room 

temperature for 1 hour and subsequently incubated with specific primary antibodies at 4 °C for 

24 h. Antibodies included components of various apoptotic pathways including B-cell 

Lymphoma-2 (BcL-2), BcL-2-associated X protein (BAX) as well as Cleaved Poly-ADP Ribose 

Polymerase (Cleaved PARP) and Cleaved Caspase-3. After incubation, the blots were washed 

three times with TBS-T for 5 min each and incubated with antirabbit/mouse secondary 

antibodies for an hour at room temperature. To detect protein signals, blots were washed again, 

three times with TBS-T for 15 min (5 min per wash), and then the blots were soaked in a Lumi 

Light reagent (Roche, Nutley, NJ) and visualized with a gel doc machine (BioRad, Hercules, 

CA). 
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Statistical Methods 

          Quantification of protein expression was done using GelQuant.Net from 

biochemlabsolutions.com. All graphs were generated using GraphPad Prism 5. 

Results 

PPNPs Modulate Expression of Key Apoptotic Proteins in Various PanCa cells 

          Apoptosis is a key regulatory event in the cellular developmental profile of any cellular 

organism. Apoptosis is programmed cell death that results in homeostatic balance of bodily cells 

in tissues via elimination of damaged cells and maintenance of a healthy population of cells 

required for growth and development (Elmore). In eukaryotes, apoptosis contributes to formation 

of digits and diminishing of the tail in higher mammals such as human beings (Elmore). In 

cancer cells, apoptotic pathways that regulate cellular proliferation are highly deregulated to 

ensure continued proliferation of these malignant cells and progression of disease. Anti-apoptotic 

are considerably over-expressed while pro-apoptotic proteins are downregulated concurrently. 

As such, we sought to determine the ability of PPNPs to sufficiently regulate key apoptotic 

proteins that dictate cellular developmental processes. It was observed that treatment with PPNPs 

significantly upregulated expression of pro-apoptotic proteins such as Bax, Cleaved PARP and 

Cleaved Caspase-3 while downregulating activity of anti-apoptotic proteins such as Bcl-2 

compared to free PTX in both Panc-1 (Figure 5-1, A) and HPAF-II (Figure 5-1, B) cell lines. 

GAPDH served as the loading control. 
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Figure 5-1. Effect of PPNPs on apoptotic proteins in PanCa cells. Western blot analysis of 

PPNPs-mediated regulation of expression of apoptotic proteins in Panc-1 (A) and HPAF- II (B) 

cell lines.  
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CHAPTER VI 

DETERMINATION OF ANTI-MOTILITY PROPERTIES OF PPNPs IN PANCREATIC

 CANCER CELLS 

Materials and Methods 

Boyden Chamber Cell Migration Assay 

          Cell migration assay was performed in a 96 well format HTS transwell plate from 

Corning. All PanCa cell lines utilized (Panc-1, HPAF-II, AsPC-1, and MIA PaCA-2) were serum 

starved. Next day, 30,000 cells/well density of each cell line were seeded in the upper chambers 

containing serum free culture medium with 2.5 nM concentration each of PTX and PPNPs 

treatment prepared in serum-free media accordingly. Total volume of cell suspension, drug 

volume and serum-free media was 100 μL in each of the upper chambers. Seeded cells were then 

urged to migrate towards the lower chamber containing 250 μL media enriched with 10% FBS 

for 24 h. At the end of the indicated treatment period, cells were washed twice with 100 μL 1X 

PBS and subsequently fixed with 100 μL 4% paraformaldehyde prepared in 1X PBS for 20 min 

at room temperature and stained with crystal violet for 20 min. Plates were then washed with 

running distilled water to remove any excess stains. Cells that failed to migrate from the upper 

chamber were completely removed by cotton swab while wet, and this was carefully done to 

prevent swab from touching membrane of upper chamber.
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          Plates were then air-dried overnight, and migrated cells that were stuck on the membrane 

of the upper chamber were observed/ imaged by using light microscope (EVOS 7000) at 10X 

magnification. Each experiment was performed in triplicates for reproducibility of results. 

Boyden Chamber Matrigel Cell Invasion Assay 

          For invasion assay, we used BD Bio coat Matrigel Invasion Chambers 24 transwell format 

(BD Biosciences). For this assay, PanCa cells to be seeded (Panc-1, HPAF-II, AsPC-1, and MIA 

PaCA-2) were serum-starved overnight. The next day, invasion chambers/inserts were filled with 

500 μL serum free culture medium for 120 min at 37º C to activate the membrane of the inserts. 

30,000 cells/well of each cell line was plated the next day in 500 uL serum-free media into the 

upper chamber/insert after activation. The lower wells were filled with 500 μL serum free media 

and the whole plate containing both upper and lower chambers was incubated at 37º C for 24 h 

for cellular attachment. Next day, PPNPs treatment at 2.5 nM concentration as well as PTX 2.5 

nM prepared in 500 μL serum free media were administered to the seeded cells in the upper 

chambers, and the serum free media in lower wells was replaced with appropriate media 

enriched with 10% FBS. Cells were now urged to invade the Matrigel towards FBS gradient in 

the lower chamber for the next 24 h. After 24 h, the cells were washed twice with 500 μL 1X 

PBS and fixed with 500 μL of 4% paraformaldehyde for 20 min at room temperature. Next, fixed 

cells were stained with 0.5% crystal violet for another 20 min, washed with running distilled 

water, and air dried. Cells stuck on the membrane of the chamber/insert (invaded cells) were 

imaged at 10X magnification by using a light microscope (EVOS 7000). 
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Statistical Methods 

          Quantitative data were presented as mean ± standard error (SEM) in this study. Statistical 

analyses were conducted by using an unpaired, two-tailed student’s t-test. The results are 

considered significant if P < 0.05 (ɑ = 0.05). All graphs were generated using GraphPad Prism 

(5.03, GraphPad Software, Inc., La Jolla, CA, USA). 

Results 

PPNPs Suppress Migratory Potential of Various PanCa Cells 

          Cellular migration and invasion are key features of cancer cells that facilitate metastasis to 

distal systemic regions away from site of local tumor to establish disease progression. Here, we 

sought to investigate the effect of PPNPs on the motility properties of PanCa cell lines. It was 

demonstrated that 2.5 nM concentration of PPNPs sufficiently inhibited cellular migration 

potential of Panc-1 (Figure 6-1, A), HPAF-II (Figure 6-1, B), AsPC-1 (Figure 6-1, C) and MIA 

PaCa-2 (Figure 6-1, D) in a significantly superior manner compared to free PTX at the same 

concentration. 

PPNPs Suppress Invasive Potential of Various PanCa Cells 

          It was also demonstrated that 2.5 nM concentration of PPNPs sufficiently decreased the 

invasive potential of Panc-1 (Figure 6-2, A), HPAF-II (Figure 6-2, B), AsPC-1 (Figure 6-2, C) 

and MIA PaCa-2 (Figure 6-2, D) more efficiently than free PTX at the same concentration. 

DMSO served as a control and PLGA served as vehicle control for PPNPs for both experiments. 
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Figure 6-1. Effect of PPNPs on migratory potential of PanCa cells. Representative images 

showing the effect of PPNPs on migration potential of Panc-1 (A), HPAF-II (B), AsPC-1 (C) and 

MIA PaCa-2 (D) cell lines through Boyden-Chamber Migration assay.
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Figure 6-2. Effect of PPNPs on invasive potential of PanCa cells. Representative images 

showing the effect of PPNPs on invasive potential of Panc-1 (A), HPAF-II (B), AsPC-1 (C) and 

MIA PaCa-2 (D) cell lines through Boyden-Chamber Matrigel Cell Invasion assay.
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CHAPTER VII 

ANALYSIS OF EFFECT OF PPNPs ON EXPRESSION OF SONIC HEDGEHOG

 SIGNALING PATHWAY IN PANCREATIC CANCER 

Materials and Methods 

Quantitative Real Time-Polymerase Chain Reaction 

          To assess the gene expression activity of PanCa cell lines treated with PPNPs, 1 × 106 cells 

were plated on 100 mm plates and incubated overnight for cellular attachment. Then, cells were 

treated with 10 nM concentration of PTX and PPNPs and incubated for 48 h. Next, the adherent 

cells were collected, and the total RNA extracted with the Qiagen RNeasy kit (Qiagen Inc., 

Valencia, CA, USA). Reverse transcription was performed with the High-Capacity RNA to 

cDNA kit and amplified with SYBR Green PCR master mix (both from Applied Biosystems). 

The cDNA was then amplified with specific primers based on the gene of interest (SHH, PTCH-

1, and Gli-1). Each reaction was performed in triplicates with a MyiQ single-color real-time PCR 

thermocycler and analyzed with GeneX (Microsoft Excel macro provided by BioRad). An 

endogenous control, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was employed as a 

normalization control. PLGA served as the vehicle control. 

Immunoblotting 

          In this experiment, 2 × 106 cells were plated on 100 mm plates and incubated overnight for 

cellular attachment. Cells were then treated with 10 nM PTX or PPNPs for 48 h. 
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          Then, cells were washed twice with 1X PBS, and 300µL of SDS buffer (Santa Cruz 

Biotechnology, Santa Cruz, CA) containing 10 µL/ml each of protease/phosphatase inhibitors 

and EDTA added to each plate to lyse cells. Cell lysates were then collected by scraping cells 

with a cell scraper into 1.5 ml centrifuge tubes. Lysates were subsequently sonicated for 30–40 s 

and spun at 15,000 rpm at 4 °C for 15min and supernatant collected.  All steps were carried out 

on ice. Next, the Bradford Assay was employed to determine the quantities of protein 

concentration in each sample. 20 μg of protein from each treatment group was loaded and 

differentiated by 4–20% SDS-PAGE gel electrophoresis at 100 V for 80 min. Separated proteins 

were then be transferred onto a poly (vinylidene difluoride) (PVDF) membrane and 

electrophoresed at 100 V for 80 min. The blots were then blocked with 5% non-fat milk in Tris 

buffered Saline with Tween 20 (TBS-T) at room temperature for 1 hour and subsequently 

incubated with specific primary antibodies at 4 °C for 24 h. Antibodies included components of 

the Sonic Hedgehog Pathway including Sonic hedgehog (SHH), Patched 1 (PTCH1), and 

Glioma-Associated Oncogene Homolog-1 (GLi-1) transcription factor. After incubation, the 

blots were washed three times with TBS-T for 5 min each and incubated with antirabbit/mouse 

secondary antibodies for an hour at room temperature. To detect protein signals, blots were 

washed again, three times with TBS-T for 15 min (5 min per wash), and then the blots were 

soaked in a Lumi Light reagent (Roche, Nutley, NJ) and visualized with a gel doc machine (Bio-

Rad, Hercules, CA). 
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Statistical Methods 

       Statistical analysis was determined by using an unpaired, two tailed student’s t-test. The 

results were considered significant (*) if P < 0.05. All graphs were generated using GraphPad 

Prism5 software. Quantification of protein expression was done using GelQuant.NET from 

Biochemlabsolutions.com. 

Results 

PPNPs Formulation Efficiently Inhibits Expression of Components of The Sonic Hedgehog 

Signaling Pathway in PanCa cells 

          SHH signaling pathway is a critical pathway that modulates key developmental processes 

such as growth and multicellular embryonic patterns. Defects in signal transduction of this 

pathway has been implicated in birth defects, tissue regeneration, stem cell renewal and 

carcinogenesis (Choudhry et al.). Recent studies have shown that SHH signaling facilitates 

PanCa progression. Additionally, paracrine SHH signaling is vital in the tumor-stroma crosstalk 

interactions that establishes a desmoplastic PanCa TME ((Bailey et al.). First, SHH ligand binds 

to PTCH1, activates the Smoothened (SMO) transducer protein, and subsequently upregulating 

activity of downstream factors such as the GLi family of transcription factors. This cascade 

modulates target gene expression to increase cell proliferation, survival, and angiogenesis 

(Choudhry et al.). In this study, it was observed that PPNPs significantly downregulated gene 

expression of key components of SHH pathway including SHH (Figure 7-1, i), GLi-1 (Figure 7-

1, ii) and PTCH1 (Figure 7-1, iii) more efficiently compared to free PTX in both Panc-1 (Figure 

7-1, A) and HPAF-II cell lines (Figure 7-1, B). Further, PPNPs inhibited protein expression of

these components downstream of these genes in both Panc-1 (Figure 7-2, A) and HPAF-II 

(Figure 7-2, B) cell lines in a superior manner compared to free PTX. 
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Figure 7-1. PPNPs formulation efficiently inhibits gene expression of components of the Sonic 

Hedgehog signaling pathway. qRT-PCR analysis of SHH (i), Gli-1(ii) and PTCH1 (iii) in Panc-1 

(A) and HPAF-II (B) cells.



58 

Figure 7-2. PPNPs formulation sufficiently inhibits protein expression of components of the Sonic 

Hedgehog signaling pathway. Western Blot analysis of SHH markers in Panc-1 (A) and HPAF-II 

(B) cell lines as determined by Western Blot Analysis.
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CHAPTER VIII 

DETERMINATION OF EFFECT OF PPNPs ON ANTI-CANCER ACTIVITY OF

 GEMCITABINE IN PANCREATIC CANCER CELLS 

Materials and Methods 

Cell Viability Assay 

          In the cell viability assay, PanCa cell lines (Panc-1 and HPAF-II) were seeded at 1× 105 

cells/well density in 12-well plates and incubated at 37°C for 24 h to facilitate cell attachment. 

After incubation, the cells were treated with 10 nM concentrations of either free PTX or PPNPs 

and combinations of either drug with 100 nM GEM for 48 h. DMSO served as control and Poly 

(lactide-co-glycolide) (PLGA) without the drug were used as vehicle controls. After 48 h, cells 

were imaged under an optical microscope to observe treatment effects. Images were captured 

with an Olympus microscope (Olympus, Center Valley, PA). Next, spent media was aspirated 

and cells washed twice with 500 μL of 1X PBS. To detach cells, 200 μL of 0.25% Trypsin 

reagent was added to each well, and plates were incubated for 3-5 min at 37°C. Next, 800 μL of 

appropriate media was mixed with each well to stop trypsinization. 10 μL of cell suspension was 

then mixed with 10 μL 0.4% Trypan Blue stain (Thermofisher Scientific). Then, 10 μL of 

trypan-blue and cell suspension mixture was pipetted into Countess Cell Counting Chamber 

Slide (Thermofisher Scientific). Changes in cell viability for each cell line was then recorded as 

live cell counts using Invitrogen Cell Countess machine.
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Colony Forming Assay 

          PanCa cell lines (Panc-1, HPAF-II, AsPC-1, MIA PaCa-2) were seeded at the density of 

500 cells/well in 12-well plates and incubated at 37°C with 5% CO2 for 24 h to facilitate cell 

attachment. Next, the cells were treated with 2.5 nM concentrations of either free PTX or PPNPs 

and combinations of either drug with 5 nM GEM. Plates were then subsequently incubated for 

14–16 days. Poly (lactide-co-glycolide) (PLGA) without drug were used as vehicle controls. 

During plate termination, plates were washed twice with 1X PBS to remove dead colonies, fixed 

with ice-cold methanol (MeOH), stained with 0.5% crystal violet in 25% methanol, and washed 

with running distilled water. Plates were then air-dried and visualized with a gel doc (Bio-Rad, 

Hercules, CA). Colonies were counted using ImageJ (Image J software, NIH USA), and each 

experiment conducted in triplicates for accuracy of results. 

Boyden Chamber Cell Migration Assay 

          Cell migration assay was performed in a 96 well format HTS transwell plate from 

Corning. All PanCa cell lines utilized (Panc-1, HPAF-II, AsPC-1, and MIA PaCA-2) were serum 

starved. Next day, 30,000 cells/well density of each cell line were seeded in the upper chambers 

containing serum free culture medium with 2.5 nM concentration each of PTX and PPNPs 

treatment as well as combination treatment of either drug with 5nM GEM was prepared in 

serum-free media accordingly. Total volume of cell suspension, drug volume and serum-free 

media was 100 μL in each of the upper chambers. Seeded cells were then urged to migrate 

towards the lower chamber containing 250 μL media enriched with 10% FBS for 24 h. At the 

end of the indicated treatment period, cells were washed twice with 100 μL PBS and 

subsequently fixed with 100 μL 4% paraformaldehyde prepared in PBS for 20 min at room 

temperature and stained with crystal violet for 20 min. 
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          Plates were then washed with running distilled water to remove any excess stains. Cells 

that failed to migrate from the upper chamber were completely removed by cotton swab while 

wet, and this was carefully done to prevent swab from touching membrane of upper chamber. 

Plates were then air-dried overnight, and migrated cells that were stuck on the membrane of the 

upper chamber were observed/ imaged by using light microscope (EVOS 7000) at 10X 

magnification. Each experiment was performed in triplicates for reproducibility of results. 

Boyden Chamber Matrigel Cell Invasion Assay 

          For invasion assay, we used BD Bio coat Matrigel Invasion Chambers 24 transwell format 

(BD Biosciences). For this assay, PanCa cells to be seeded (Panc-1, HPAF-II, AsPC-1, and MIA 

PaCA-2) were serum-starved overnight. The next day, invasion chambers/inserts were filled with 

500 μL serum free culture medium for 120 min at 37º C to activate the membrane of the inserts. 

30,000 cells/well of each cell line was plated the next day in 500 uL serum-free media into the 

upper chamber/insert after activation. The lower wells were filled with 500 μL serum free media 

and the whole plate containing both upper and lower chambers was incubated at 37º C for 24 h 

for cellular attachment. Next day, PPNPs treatment at 2.5 nM concentration, PTX 2.5 nM as well 

as combination treatment of either drug with 5 nM GEM prepared in 500 μL serum free media 

were administered to the seeded cells in the upper chambers, and the serum free media in lower 

wells was replaced with appropriate media enriched with 10% FBS. Cells were now urged to 

invade the Matrigel towards FBS gradient in the lower chamber for the next 24 h. After 24 h, the 

cells were washed twice with 500 μL PBS and fixed with 500 μL of 4% paraformaldehyde for 20 

min at room temperature. Next, fixed cells were stained with 0.5% crystal violet for another 20 

min, washed with running distilled water, and air dried. 
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          Cells stuck on the membrane of the chamber/insert (invaded cells) were imaged at 10X 

magnification by using a light microscope (EVOS 7000 Microscope). 

Statistical Methods 

          Quantitative data were presented as mean ± standard error (SEM) in this study. Statistical 

analyses were conducted by using one-way ANOVA. The results are considered significant if p-

values < 0.05 (ɑ = 0.05). All graphs were generated using GraphPad Prism (5.03, GraphPad 

Software, Inc., La Jolla, CA, USA). 

Results 

PPNPs Efficiently Potentiate GEM Activity to Inhibit Cell Viability of PanCa Cells 

         A potent anti-cancer agent actively targets survival mechanisms employed by cancer cells 

to decrease cell viability and cellular proliferation of these cells, eventually killing the cells. 

Failure of single agent drugs to effectively eliminate cancer cells has necessitated development 

of combination therapies that can exert synergistic anti-cancer effects on cancer cells and yield 

improved clinical outcomes, especially for PanCa. GEM is the current gold standard of care for 

PanCa therapy but the acquisition of GEM resistance by PanCa cells, especially PDAC cells also 

presents a therapeutic challenge. Numerous studies have investigated the potency of PTX and 

GEM as a combination module to address chemoresistance and improve therapeutic outcomes in 

clinical settings, with encouraging results but patients barely record a massively improved OS 

rate. PPNPs formulation is equipped with a unique, Pluronic F127 polymer that has been 

demonstrated to chemo sensitize PanCa TME to GEM therapy.  

          As such, we sought to investigate the efficiency of PPNPs in potentiating GEM activity in 

PanCa cells. Our findings demonstrated that treatment of PanCa cells with PPNPs alone and with 

GEM as a combination module effectively decreased cellular viability of Panc-1 (Figure 8-1, A) 
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and HPAF-II (Figure 8-1, B), which are known GEM-resistant PanCa cell lines, in a superior 

manner compared to PTX alone and PTX-GEM combinations at the same concentration. DMSO 

served as a control and PLGA was used as a vehicle control. 
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Figure 8-1. Effect of PPNPs alone and in combination with GEM on cell viability of PanCa cells. 

Average live cell counts of Panc-1 (A) and HPAF-II (B). Values in bar graph represent mean ± 

SEM of 3 wells. Significant values = *p < 0.05 
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PPNPs-GEM Combination Suppresses Clonogenic Potential of PanCa Cells 

          Our findings also demonstrated that PPNPs alone and combination regimen of PPNPs and 

GEM significantly decreased colony forming abilities of Panc-1 (Figure 8-2, A) and HPAF-II 

(Figure 8-2, B) cell lines compared to PTX alone and PTX-GEM combinations. Statistical 

analysis confirmed that PPNPs-GEM drastically reduced the clonogenic potential of Panc-1 

(Figure 8-2, i) and HPAF-II (Figure 8-2, ii) cell lines more efficiently than PTX-GEM 

combinations.



Figure 8-2. Effect of PPNPs alone and in combination with GEM on clonogenic potential of PanCa cells. Representative 

colony images of PPNPs and PPNPs-GEM treatment of Panc-1 (A) and HPAF-II (B). Average colony counts of Panc-1 (i) and HPAF-

II (ii). Values in bar graph represent mean ± SEM of 3 wells. Significant values = *p < 0.05

66 



67 

PPNPs-GEM Combination Effectively Inhibits Migratory Potential of PanCa Cells 

   The loss of an epithelial phenotype and the concurrent acquisition of a mesenchymal 

phenotype via Epithelial-Mesenchymal Transition (EMT) regulates metastatic propensities of 

PanCa cells that enable them to migrate from local tumor sites and the TME and subsequently 

invade neighboring and distal systemic tissues to establish disease progression, leading to 

advanced disease. GEM-resistant PanCa cells exert enhanced EMT properties and 

chemoresistance. As such, we investigated the ability of PPNPs to suppress migration of PanCa 

cells. It was observed that PPNPs alone as well as combination regimen of PPNPs and GEM 

(PPNPs-GEM) effectively suppressed migratory properties of Panc-1 (Figure 8-3, A) and HPAF-

II (Figure 8-3, B) much better than free PTX and PTX-GEM combinations. The average counts 

of migrated cells after treatment confirmed that PPNPs and PPNPs-GEM treatment significantly 

reduced the number of migrated cells compared to free PTX and PTX-GEM combinations in 

both Panc-1 (Figure 8-3, i) and HPAF-II (Figure 8-3, ii) cell lines. 

PPNPs-GEM Combination Effectively Inhibits Invasive Potential of PanCa Cells 

          Our results also showed that treatment of PanCa cell lines with PPNPs and PPNPs-GEM 

combinations had a superior anti-cancer effect on the invasive potential of Panc-1 (Figure 8-4, 

A) and HPAF-II (Figure 8-4, B) compared to free PTX and PTX-GEM combinations. Statistical

analysis demonstrated that PPNPs and PPNPs-GEM treatment had a highly significant impact on 

the invasive potential of Panc-1 (Figure 8-4, i) and HPAF-II (Figure 8-4, ii) cell lines, much 

better than PTX and PTX-GEM combinations, respectively. 



Figure 8-3. Effect of PPNPs alone and in combination with GEM on migratory potential of PanCa cells.  

Representative images of PPNPs and PPNPs-GEM combination treatments of Panc-1 (A) and HPAF-II (B) cells. Average cell 

counts of Panc-1 (i) and HPAF-II (ii). Values in bar graph represent mean ± SEM of 3 wells. Significant values = *p < 0.05 
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Figure 8-4. Effect of PPNPs alone and in combination with GEM on invasive potential of PanCa cells. 

Representative images of PPNPs and PPNPs-GEM combination treatments of Panc-1 (A) and HPAF-II (B) cells. Average cell 

counts of Panc-1 (i) and HPAF-II (ii). Values in bar graph represent mean ± SEM of 3 wells. Significant values = *p < 0.05 
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CHAPTER IX 

DETERMINATION OF THE EFFECT OF PPNPs ALONE AND IN COMBINATION

 WITH GEMCITABINE ON SHH AND GLI-1 AND THE KEY MOLECULES

 INVOLVED IN PANCREATIC DESMOPLASIA 

Materials and Methods 

Immunoblotting 

           In this experiment, 2 × 106 cells were plated on 100 mm plates and incubated overnight 

for cellular attachment. Cells were then treated with 10 nM PTX or PPNPs and combinations of 

either drug with 100 nM GEM for 48 h. Then, cells were washed twice with 1X PBS, and 300µL 

of SDS buffer (Santa Cruz Biotechnology, Santa Cruz, CA) containing 10 µL/ml each of 

protease/phosphatase inhibitors and EDTA added to each plate to lyse cells. Cell lysates were 

then collected by scraping cells with a cell scraper into 1.5ml centrifuge tubes. Lysates were 

subsequently sonicated for 30–40 s and spun at 15,000 rpm at 4 °C for 15 min and supernatant 

collected.  All steps were carried out on ice. Next, the Bradford Assay was employed to 

determine the quantities of protein concentration in each sample. 20 μg of protein from each 

treatment group was loaded and differentiated by 4–20% SDS-PAGE gel electrophoresis at 100 

V for 80 min. Separated proteins were then transferred onto a poly vinylidene difluoride (PVDF) 

membrane and electrophoresed at 100 V for 80 min. 
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          The blots were then blocked with 5% non-fat milk in TBS-T at room temperature for 1 

hour and subsequently incubated with specific primary antibodies at 4 °C for 24 h. Antibodies 

included components of the Sonic Hedgehog Pathway including SHH and Gli-1 as well as key 

desmoplasia factors such as fibroblast marker, α-smooth muscle actin (α-SMA), anti-apoptotic 

proteins, B-cell lymphoma-extra Large (Bcl-xL) and Cleaved PARP. After incubation, the blots 

were washed three times with TBS-T for 5 min each and incubated with antirabbit/mouse 

secondary antibodies for an hour at room temperature. To detect protein signals, blots were 

washed again, three times with TBS-T for 15 min (5 min per wash), and then the blots were 

soaked in a Lumi Light reagent (Roche, Nutley, NJ) and visualized with a gel doc machine (Bio-

Rad, Hercules, CA). GAPDH served as the loading control. 

Statistical Methods 

          Statistical analysis was determined by using an unpaired, two tailed student’s t-test. The 

results were considered significant (*) if P < 0.05. All graphs were generated using GraphPad 

Prism5 software. Quantification of protein expression was done using GelQuant.NET from 

Biochemlabsolutions.com. 

Results 

PPNPs Regulate Expression of Key Molecules and Signaling Pathways Involved In 

Establishing Pancreatic Desmoplasia 

          The presence of a desmoplastic TME impedes drug delivery because of high interstitial 

fluid pressure and can eventually result in off-target toxicities and ineffective treatment 

strategies. The SHH signaling pathway has been largely implicated in establishing a dense, 

fibrotic TME that re-programs vascularization in the pancreatic TME and creates an 
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immunosuppressive environment. As such, we sought to investigate the ability of PPNPs and 

GEM combination to target key molecules and the SHH pathway to reprogram the pancreatic 

TME and chemo sensitize it to GEM therapy. Our results demonstrated that PPNPs-GEM 

sufficiently downregulated expression of key components of the SHH pathway such as SHH and 

Gli-1 in both Panc-1 (Figure 9-1, A) and HPAF-II (Figure 9-1, B) and altered expression of 

desmoplasia factors such as α-SMA, Bcl-xL and Cleaved PARP in Panc-1 (Figure 9-1, C) more 

effectively than PTX-GEM combinations. 
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Figure 9-1. Effect of PPNPs alone and in combination with GEM on SHH and Gli-1 and the key 

molecules involved in pancreatic desmoplasia. Western blot analysis of PPNPs-GEM combination 

on the expression of components of SHH pathway in Panc-1 (A) and HPAF-II (B), and key 

desmoplasia factors in Panc-1 (C).



74 

CHAPTER X  

DETERMINATION OF THE EFFECT OF PPNPs ON M1/M2 POLARISATION IN RAW

 264.7 CELLS 

Materials and Methods 

Quantitative Real Time-Polymerase Chain Reaction 

          To assess the relative gene expression activity of murine macrophages treated with PPNPs 

and PPNPs-GEM combinations, 1 × 106 RAW 264.7 cells were plated on 100 mm plates and 

incubated overnight for cellular attachment. Then, cells were treated with 10 nM concentration 

of PTX and PPNPs and combinations of either drug with 100 nM GEM and incubated for 48 h. 

Next, the adherent cells were collected, and the total RNA extracted with the Qiagen RNeasy kit 

(Qiagen Inc., Valencia, CA, USA). Reverse transcription was performed with the High-Capacity 

RNA to cDNA kit and amplified with SYBR Green PCR master mix (both from Applied 

Biosystems) for cDNA synthesis. qRT-PCR \was performed to determine the expression of M1/ 

M2 markers such as Cluster of differentiation 206 (CD206), Arginase-1 (Arg-1), inducible Nitric 

Oxide Synthase (iNOS), Programmed Death receptor -1 (PD-1), Programmed Death receptor - 

Ligand 1 (PD-L1), Interleukin-6 (IL-6), Interleukin-10 (IL-10) and Signal Transducer and 

Activator of Transcription-3 (STAT-3).
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          Each reaction was performed in triplicates with a MyiQ single-color real-time PCR 

thermocycler and analyzed with GeneX (Microsoft Excel macro provided by BioRad). An 

endogenous control, Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was employed as a 

normalization control. PLGA served as the vehicle control. 

Immunoblotting 

          In this experiment, 2 × 106 RAW 264.7 cells were plated on 100 mm plates and incubated 

overnight for cellular attachment. Cells were then treated with 10 nM PTX or PPNPs and 

combinations of either drug with 100 nM GEM for 48 h. Then, cells were washed twice with 1X 

PBS, and 300µL of SDS buffer (Santa Cruz Biotechnology, Santa Cruz, CA) containing 10 

µL/ml each of protease/phosphatase inhibitors and EDTA added to each plate to lyse cells. Cell 

lysates were then collected by scraping cells with a cell scraper into 1.5ml centrifuge tubes. 

Lysates were subsequently sonicated for 30–40 s and spun at 15,000 rpm at 4 °C for 15 min and 

supernatant collected.  All steps were carried out on ice. Next, the Bradford Assay was employed 

to determine the quantities of protein concentration in each sample. 20 μg of protein from each 

treatment group was loaded and differentiated by 4–20% SDS-PAGE gel electrophoresis at 100 

V for 80 min. Separated proteins were then be transferred onto a poly (vinylidene difluoride) 

(PVDF) membrane and electrophoresed at 100 V for 80 min. The blots were then blocked with 

5% non-fat milk in Tris buffered Saline with Tween 20 (TBS-T) at room temperature for 1 hour 

and subsequently incubated with specific primary antibodies at 4 °C for 24 h. Western blot 

analysis was performed to determine the protein level of iNOS, Arginase-1, CD206, pStat3. 

GAPDH was used as loading control. After incubation, the blots were washed three times with 

TBS-T for 5 min each and incubated with antirabbit/mouse secondary antibodies for an hour at 

room temperature. 
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          To detect protein signals, blots were washed again, three times with TBS-T for 15 min (5 

min per wash), and then the blots were soaked in a Lumi Light reagent (Roche, Nutley, NJ) and 

visualized with a gel doc machine (Bio-Rad, Hercules, CA). 

Statistical Methods 

          Statistical analysis was determined by using an unpaired, two tailed student’s t-test. The 

results were considered significant (*) if P < 0.05. All graphs were generated using GraphPad 

Prism5 software. Quantification of protein expression was done using GelQuant.NET from 

Biochemlabsolutions.com. 

Results 

PPNPs Reprogram Tumor-Associated Macrophages to an M1 Profile 

         A critical component of host immune defense system is macrophages which release 

inflammatory cytokines upon pathogenic invasion to eliminate harmful cells. However, in most 

types of cancer such as PanCa, abnormalities in the host immune defense programming mediated 

by oncogenic cells lead to interleukin-4 (IL-4) induced polarization of M1 pro-inflammatory 

macrophages to M2 immunosuppressive macrophages which facilitate tumor development and 

progression. This is a key transformation event that creates immunosuppressive conditions in the 

TME and facilitates metastasis. As such, we investigated the ability of PPNPs to repolarize 

Tumor-Associated Macrophages to an M1 profile. Gene expression analysis by qRT-PCR 

demonstrated that PPNPs effectively decreased expression of M2 markers and polarization 

components such as Arg-1, IL-10, STAT-3, PD-1, PD-L1 and CD206 (Figure 10-1. A-F 

respectively), in a superior manner compared to free PTX and vehicle control (PLGA).  
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          PPNPs also concurrently upregulated expression of IL-6 and iNOS (Figure 10-2, G-H 

respectively) which are key markers of M1 macrophages, more efficiently than free PTX, 

indicating the potency of PPNPs in maintaining a proinflammatory phenotype of macrophages 

and inhibiting polarization of M1/M2 macrophages. IL-4 served as a marker of polarization. 

Further, PPNPs effectively downregulated protein expression of M2 marker proteins such as 

CD206, Arg-1, and pSTAT-3 and increased expression of M1 marker iNOS relative to free PTX 

and vehicle and IL-4 controls (Figure 10-2). This emphasizes the activity of PPNPs in 

suppressing M1/M2 macrophage polarization and promoting inflammation. 
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Figure 10-1. qRT-PCR analysis of effect of PPNPs on gene expression of M1/M2 polarization 

markers. Analysis of markers such as Arg-1 (A), IL-10 (B), STAT-3 (C), PD-1 (D), PD-L1 (E), 

CD206 (F), IL-6 (G) and iNOS (H). Values in bar graph represent mean ± SEM of 3 wells. 

Significant values = *p < 0.05 
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Figure 10-2. Western blot analysis of effect of PPNPs on M1/M2 polarization markers. Analysis 

of protein expression of select M1 and M2 markers. GAPDH served as a loading control 
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CHAPTER XI 

DISCUSSION 

          PanCa remains a lethal disease in the U.S because of the high disease burden and 

ineffective therapeutic options (Siegel RL). Only 10-20 out of 100 patients suffering from 

localized disease are eligible for surgery, and moreover, chances of the disease recurring post-

surgery are very high (Rawla, Sunkara and Gaduputi). This is because of a dense, hypoxic, 

desmoplastic stroma in the pancreatic TME, particularly in PDAC, that impede drug therapy via 

deregulation of drug transporters and elevation of interstitial fluid pressure to inhibit drug 

delivery and accumulation (Torphy, Zhu and Schulick; Christine Feig et al.). This has been the 

main reason why most current therapeutic drugs against PDAC yield dismal outcomes. PTX 

which has been utilized in breast (Perez), lung (Ramalingam and Belani) and ovarian cancer 

(Kampan et al.), has been applied in PDAC therapy with fairly positive outcomes, but only 

limited by its poor hemocompatibility and inefficient intracellular accumulation in tumor cells 

resulting in inadequate tumor elimination and local disease recurrence (Meng et al.). The current 

gold drug standard for PanCa chemotherapy, GEM, has also gradually lost its potency due to 

development of chemoresistance by the tumor cells in the pancreatic TME via deregulation of 

GEM uptake transporters (Farrell et al.).However, there has been a breakthrough in drug delivery 

recently with the advent of nanoscale drug delivery systems.
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          Nano formulations have been demonstrated to selectively accumulate in tumor tissues by 

exploiting the imperfections in the tumor vasculature, mainly through Enhanced Permeation and 

Retention (EPR) effect (Bertrand et al.; Acharya and Sahoo). The successes chalked by nano 

formulations such as Abraxane® in treating various cancers including PanCa (Palacio et al.; 

Cohen et al.; Kuwayama et al.), lend credence to the superiority of nanoscale drug delivery 

systems over free drugs in yielding better clinical outcomes. Additionally, nanoscale drug 

delivery systems have been demonstrated to enhance target specificity of drugs to circumvent 

drug resistance, and result in overall reduction in systemic toxicity (Markman et al.). However, a 

few limitations of nanoscale drug delivery systems such as Abraxane include short circulation 

half-life and development of chemoresistance (Pedziwiatr-Werbicka et al.). Moreover, 

Abraxane® has had limited clinical success in treating the highly desmoplastic and heterogenous 

pancreatic tumors. As such, we generated a next generation nano formulation of PTX (PPNPs) 

using F127 polymer, which has been demonstrated to reverse chemoresistance (Park, Park and 

Na), and primed it against PanCa using in vitro model systems. Synthesis and characterization of 

PPNPs was adapted with permission from Massey et. al. (Massey et al.). The nanoprecipitation 

method was employed in the generation of PPNPs. Data from DLS analysis showed PPNPs had a 

particle size of about 160nm on average, and had a negative zeta potential, which are optimal 

conditions for nanoscale drug delivery (Massey et al.). Moreover, data from FT-IR and XRD 

spectra demonstrated that PLGA peaks were identical to PPNPs peak, implying that PLGA 

remained unchanged by PTX loading (Massey et al.), but it is worthwhile to note that these 

spectra analysis only capture the overall composition and physical state of the nanoparticle.  
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          Further, AFM data suggested no physical change in the properties of PLGA NPs after PTX 

encapsulation, as seen by identical modulus in PLGA and PPNPs (~ 12 GPa) (Figure 3-2, F). 

(Massey et al.). However, the bulk modulus of the other layers is unknown, meaning these 

results are semi-quantitative. Herein, we demonstrated that nanoencapsulation of PTX to 

generate PPNPs greatly enhanced the fundamental anti-tumor properties of PTX. PDAC arises 

when genetic precursor lesions to pancreatic tissues give rise to pancreatic intraepithelial 

neoplasia (PanIN), and PanIN progression through higher stages eventually result in PDAC 

formation (Polireddy and Chen). So far, K-Ras mutations are the most common mutations in 

PanCa and have been implicated in Stage 1 PanIN as pancreatic cells continually receive 

proliferative signals from hyperactive Ras (Polireddy and Chen). Our findings showed that 

treatment of PDAC cells with PPNPs significantly inhibited cellular proliferation and viability, 

suggesting nano encapsulated PTX inhibited microtubule depolymerization that is necessary for 

cellular trafficking and disrupted components of the K-Ras signaling cascade in PanCa cells. 

This is consistent with previous studies that have shown that intracellular trafficking of Ras 

proteins requires prenylation-dependent interplay between K-Ras and microtubules/tubulin, as 

deletion of the K-Ras poly-l-lysine region that binds microtubules, after cell treatment with PTX 

led to a loss of PTX-mediated mis localization of a fluorescent K-Ras fusion protein (Chen et 

al.). Hence, aberrant localization of Ras proteins would invariably disrupt intracellular 

proliferative signaling. Stage 3 PanIN which precedes PDAC development is characterized by 

disorganized structural architecture and nuclear atypia as TGF-β/SMAD-4 axis as well as 

EGF/EGFR interactions mediate loss of an epithelial phenotype and subsequent acquisition of a 

mesenchymal phenotype via type III EMT to support metastasis (Polireddy and Chen). 
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          It has been shown that invasion and migration are two crucial mediators of metastatic 

cascades (Chambers, Groom and MacDonald). Metastatic malignant cells can then undergo 

extravasation at distant sites such as the liver and spleen and colonize these organs by re-gaining 

an epithelial phenotype at these secondary sites in the reverse process called Mesenchymal-to-

Epithelial transition (MET). As such, our findings demonstrated that PPNPs efficiently enhanced 

anti-migratory properties of PTX in cancer cells by targeting the key molecular pathways that 

mediate EMT-MET and cells and subsequently decreased the clonogenic potential of these 

malignant cells in vitro. These results highlight the potential of PPNPs in effectively inhibiting 

EMT which is a crucial step in cancer metastasis. Our future studies would investigate the 

intricacies of this inhibition mechanism of PTX on EMT-MET components in PDAC. Also, 

attractive therapeutic targets for cancer therapy involve cell cycle arrest and apoptosis induction 

(Weinberg and Hanahan; Fisher), and several chemotherapeutic agents have chalked successes 

via targeting these mechanisms (J. Wang et al.; Karaca et al.). In fact, PTX has been 

demonstrated to mediate apoptosis induction and G2/M phase cell cycle arrest in various cancer 

cells by disrupting microtubule dynamics during cell division (Jiménez-Guerrero et al.), and our 

findings lend credence to this assertion as treatment of PanCa cells with PPNPs upregulated 

expression of pro-apoptotic proteins while concurrently suppressing protein expression of anti-

apoptotic proteins. A major hallmark of PanCa, especially PDAC, is the TME which inhibits 

optimal drug delivery. Research has implicated crosstalk between PSCs and cancer cells as well 

as immune cells in establishing hypoxic, desmoplastic stroma in the TME with the SHH pathway 

playing a critical role in TME establishment (Polireddy and Chen). Therefore, we sought to 

investigate the influence of PPNPs in regulating components of the SHH pathway. 
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         Interestingly, PPNPs significantly inhibited gene and protein expression of SHH 

components such as SHH ligand, Ptch-1, and Gli-1. These results suggest the superior anti-

cancer potential of PPNPs compared to free PTX and presents PPNPs as a serious candidate for 

PanCa treatment. The next phase of our study investigated the influence of PPNPs in regulating 

pancreatic tumor immune components and sensitizing the fibrotic, chemo resistant pancreatic 

TME to GEM therapy. The disparate heterogeneity and cancer-stroma crosstalk within 

pancreatic tumors inhibit drug efficiency due to cellular mechanisms that deregulate drug 

transport, activation, and efficacy (Khan et al.). The rise of GEM resistance in pancreatic tumors 

poses a significant obstacle in PanCa therapy, leading to disease relapse. This is because drug 

transporters for GEM are deregulated in PanCa by PSCs and other immunosuppressive tumor 

components, limiting GEM intracellular accumulation and efficacy (Maeda et al.). Various 

combination regimens involving GEM have been churned out to avert this and combat PanCa but 

with barely enhanced survival rates (Von Hoff et al.). As such, we sought to investigate 

efficiency of PPNPs in potentiating GEM activity in pancreatic tumors. Our data obtained 

showed that combination treatment of PPNPs with GEM in PDAC cells showed significantly 

reduced cellular viability and colony formation ability of the cancer cells, as well as efficient 

inhibition of migratory and invasive potential of these cells. Moreover, PPNPs-GEM 

combination downregulated protein expression of key molecules involved in establishing 

pancreatic desmoplasia, such as α-SMA, which is a marker of activated PSCs (Polireddy and 

Chen), and SHH pathway components, suggesting that PPNPs may have positive therapeutic 

implications in modulating the pancreatic TME and chemo sensitizing it to GEM therapy. 
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          Finally, our study also analyzed the effect of PPNPs on polarization of pro-inflammatory 

macrophages to immunosuppressive populations. Macrophages play critical roles in the 

inflammatory process and help combat systemic infections, However, in cancer cells, M1 

macrophages which execute inflammatory attack against malignant cells and invaders are 

polarized to immunosuppressive M2 macrophages that deregulate the host immune response and 

aid in cancer progression. Interestingly, data from gene and protein expression analysis involving 

treatment of PDAC cells with PPNPs showed that PPNPs decreased expression of oncogenic M2 

markers and maintained a pro-inflammatory phenotype of RAW 264.7 murine macrophages in 

vitro, emphasizing the positive influence of PPNPs on key immune components that regulate 

PanCa development and progression. Overall, these results present PPNPs as a highly attractive 

therapeutic modality in PanCa therapy, and the next phase of our study would involve active 

investigation of the molecular mechanisms and targeted delivery of PPNPs in pancreatic tumors 

using clinically relevant mouse model systems. 
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