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Abstract 

Title of Dissertation: Repurposing Oxaliplatin for the Treatment of Glioblastoma 

Nathan Roberts, Doctor of Philosophy, 2018 

Dissertation Directed by Anthony Kim, Ph.D., Jeffrey Winkles Ph.D., Graeme  

Woodworth, M.D. 

 

 

Glioblastoma (GBM) is the most common and deadly primary brain tumor in adults, 

accounting for approximately 40% of primary brain tumors. Even with the most aggressive 

therapy, the mean survival for patients with GBM is still less than 18 months, highlighting 

the critical need for new therapeutic strategies for this deadly cancer. Among the strategies 

under consideration is a repurposing of platinum-based chemotherapeutics. Traditionally 

considered DNA damaging cytotoxic agents, recent findings suggest that platinum-based 

chemotherapeutics, especially oxaliplatin (OXA), can induce multi-faceted anti-tumor 

effects, including modulation of cytokines, transcription factors, and tumor 

immunosuppressive mechanisms, even at lower concentrations that are not directly 

cytotoxic. Data suggests that a major alternative effect of OXA is the inhibition of signal 

transducer and activator of transcription 3 (STAT3), a transcription factor at the core of 

GBM pathobiology. STAT3 signaling is constitutively active in many gliomas and dictates 

diverse aspects of glioma biology including angiogenesis, invasion, chemotherapeutic 

resistance, and immunosuppression. STAT3 also controls and co-opts the primary glioma-

infiltrating immune cell, the macrophage, which composes up to 40% of the tumor mass.  

OXA treatment may overcome the pleiotropic glioma-supporting functions of STAT3. It 

is likely that OXA therapeutic formulations designed to maximize the multi-faceted effects 



 
 

of OXA, including STAT3 inhibition, will have potent anti-GBM effects, including 

reprogramming of the tumor microenvironment. Although high-dose platinum-based 

chemotherapeutics have been investigated for CNS tumors, systemic and direct neuronal 

toxicity at high doses has thus far limited their use. However, new therapeutic delivery 

strategies including polymeric nanoparticle formulations capable of improving drug 

delivery to tumor cells, providing a sustained release of chemotherapeutic at the target site, 

and significantly reducing toxicity are facilitating the adaptation of these compounds in the 

CNS. We sought to investigate the multi-faceted anti-tumor effects of low-dose OXA in 

glioma cells and macrophages, with a particular focus on STAT3 modulation. We 

hypothesized that OXA will reduce STAT3 activity in glioma cells as well as macrophages 

and that OXA nanoparticle formulations will sustain STAT3 inhibition in vivo, thereby 

enabling the use of OXA as a biomaterial inhibitor of STAT3 for the treatment of glioma. 
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Chapter 1: Introduction: 

1.1 Glioblastoma and Challenges to Therapy.   

Brain cancer is the leading cause of cancer-related death in patients younger than 35 

[1]. The most common and deadly primary brain tumor is GBM (grade IV glioma), 

accounting for approximately 40% of primary brain tumors [1]. Surgery alone cannot cure 

GBM because highly invasive tumor cells infiltrate the surrounding brain, making surgical 

removal without catastrophic damage to healthy brain tissue impossible. Consequently, 

these invasive cells lead to tumor recurrence [2]. The current standard of care for GBM 

consists of maximal surgical resection or biopsy followed by radiation and oral 

chemotherapy using temozolomide (TMZ) and/or implantation of bis-

chloroethylnitorosourea (BCNU)-loaded interstitial wafers into the resection cavity [3,4]. 

Without treatment, most patients live only 6 months [5,3]. Even with the most aggressive 

therapy the mean survival for patients with GBM is still less than 18 months [5,3]. 

Unfortunately, over the last 30 years, only marginal improvements in GBM patient survival 

have been made [5], highlighting the critical need for new therapeutic strategies to combat 

this deadly cancer. However, an improved understanding of the therapeutic challenges 

presented by GBM has led to a promising new treatment strategy based on retooling an old 

family of chemotherapeutics, platinum-based chemotherapeutics. These therapeutics, if 

properly applied, may have potent, multi-faceted anti-GBM effects. 

To-date, poor GBM treatment efficacy has been attributed to several factors including 

limited therapeutic delivery to the tumor, dose-limiting toxicities, tumor heterogeneity, 
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therapeutic resistance, and an immunosuppressive glioma microenvironment. The location 

of central nervous system (CNS) tumors, including GBM, presents unique barriers to 

therapeutic delivery [5]. Most systemically administered chemotherapeutics reach the brain 

in very low concentrations in large part due to the blood-brain barrier (BBB) which controls 

the trafficking of most molecules to and from the brain [6]. As a result, significant systemic 

side effects occur before an effective CNS drug level is achieved [7-10]. Although the BBB 

is altered in the core of many GBM tumors, the brain-invading cells are found in areas with 

a relatively intact BBB, limiting therapeutic delivery [11-14]. Additionally, the 

electrostatically charged extracellular space (ECS) and the glial lymphatic system (GLS) 

found between brain cells and around blood vessels further complicate drug delivery efforts 

by limiting the dispersion of therapeutics within the brain and contributing to their rapid 

clearance [15-17]. Furthermore, many conventional therapeutics are toxic in the CNS at 

high doses [18-20]. Indeed, dose-limiting toxicity, due to both systemic and CNS effects, 

has limited the use of many therapeutics for the treatment of brain tumors.  

Beyond drug delivery and toxicity challenges, the tumor itself poses additional 

therapeutic challenges such as molecular heterogeneity, therapeutic resistance, and a highly 

immunosuppressive microenvironment. For instance, many gliomas are resistant to 

temozolomide (TMZ), the standard of care chemotherapeutic, due to expression of the 

DNA repair enzyme 0-6-methylguanine methyltransferase (MGMT) [21]. Moreover, until 

recently, the essential involvement, and unique nature, of the glioma microenvironment, 

including both tumor supporting cells and immunosuppressive factors have been 

underappreciated. Thus far, attempts to apply treatment strategies that have shown success 

in other cancers such as targeted therapeutics designed to disrupt specific molecular aspects 
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of glioma biology have been disappointing [22-24]. With few treatment advances in nearly 

30 years, it is now believed that GBM treatment will require multi-modal therapeutic 

actions to counteract the complex and heterogeneous pathobiology. New therapeutic 

strategies which overcome drug delivery issues and address multiple aspects of GBM 

biology at the tumor site, including both glioma cells and the tumor-supporting 

microenvironment, will likely be required.  

Due to these treatment hurdles, GBM remains universally lethal [25]. New treatment 

strategies capable of overcoming the aforementioned hurdles and improving patient 

survival are needed. Significant efforts are underway to overcome CNS drug delivery 

challenges, which may enable the application of a variety of therapeutics in the brain. To 

overcome the BBB, local delivery approaches have been used to deliver therapeutics 

directly into the brain and affected region [26-28]. Two local delivery approaches have 

been evaluated for GBM therapy: Gliadel® (BCNU) wafers [29-32] and catheter-based 

convection-enhanced delivery (CED) [33-35]. These approaches have proven safe and 

feasible in human clinical studies, but the dispersion of the therapeutics remains severely 

limited [36,37]. The tissue concentrations of BCNU released from interstitial wafers has 

been shown to reach therapeutically relevant levels only ~1 mm away from the wafer 

surface in vivo [38,39]. Limited diffusion and distribution are thought to be the limiting 

factors preventing more significant therapeutic efficacy against invasive brain cancer after 

local delivery [29-32,36]. Therefore, delivery strategies must be utilized that overcome 

both the BBB and limitations to drug dispersion within the brain.  

  CED can be combined with drug-loaded nanoparticles (NPs), formulated so they 

do not adhere to biological tissues, including brain parenchyma, which allows them to 
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penetrate and distribute more uniformly after delivery in vivo [40-42]. These optimized 

biodegradable brain-penetrating NPs are formulated with dense coatings of low molecular 

weight polyethylene glycol (PEG) [43]. The PEG coating significantly improves particle 

distribution within brain tissue. NPs can be administered by CED, combining both local 

delivery to bypass the BBB and brain-penetrating NPs to improve therapeutic distribution. 

Notably, NPs have the capability of functioning as drug delivery vehicles for a wide range 

of therapeutics [44-46]. The brain-penetrating particles are engineered to provide a 

sustained release of therapeutic at the target site.  

Whereas improved drug delivery strategies such as CED combined with NPs may 

overcome some hurdles to effectively delivering therapeutics to GBM tumors, the selection 

of the proper therapeutics and therapeutic targets that address the complexities of GBM is 

essential. Some of the primary therapeutic goals are to disrupt GBM with either multi-drug 

regimens, with compounds capable of affecting multiple facets of GBM pathobiology, 

and/or by targeting the GBM microenvironment [47-51]. There is growing interest in 

developing therapeutics capable of addressing the glioma microenvironment, which has 

numerous tumor supporting roles [52,53]. Glioma tumors are extensively infiltrated by 

tumor-supporting stromal cells which are closely linked to tumor progression [54-57], and 

may be more amenable to treatment than the glioma cells themselves [58]. Consequently, 

targeting the glioma microenvironment and specifically, glioma-associated macrophages 

has become a promising focus of glioma research [59,60]. Overcoming pro-tumorigenic 

immune cells in the glioma microenvironment can elicit a strong anti-tumor effect, but 

effective treatment of glioma-supporting cells has not been achieved clinically [59-63]. 

[64]  
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The search for treatments capable of multi-faceted disruption of GBM pathobiology 

has led to a renewed interesting in applying platinum-based chemotherapeutics to GBM. 

Platinum-based chemotherapeutics, including cisplatin, carboplatin, and oxaliplatin 

(OXA), are some of the most successful and commonly used chemotherapeutics in 

oncology but are not often used for CNS tumors [65-67]. New findings suggest that the use 

of platinum-based chemotherapeutics when combined with new delivery techniques, may 

be advantageous for GBM therapy due to multi-faceted therapeutic effects capable of 

impacting both GBM cells and the tumor microenvironment [65,68-70]. Recently 

discovered, underutilized aspects of platinum therapy have the potential to broadly affect 

GBM biology [65,68-71]. We have found that OXA inhibits signal transducer and activator 

of transcription (STAT) 3, a master regulator of GBM pathobiology, as a component of 

this drug's multi-faceted treatment effect. However, to effectively apply OXA to GBM 

therapy, a better understanding of the effects of OXA and OXA NP formulations on GBM 

and on the GBM microenvironment as well as more in-depth characterization of the most 

potent anti-GBM effects are needed.   
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1.2 The Immunosuppressive Glioblastoma Microenvironment 

CNS immunity. 

The immunosuppressive GBM microenvironment has gained significant interest as 

a treatment target. The immune system of the CNS is notably different from that of the rest 

of the body. Within the CNS are two resident cell populations with innate immune 

functions: microglia and astrocytes. Microglia are the resident macrophages of the CNS. 

Microglia compose approximately 10% of the CNS [72] and share phenotypic and 

functional characteristics with monocytes and macrophages found in the peripheral system 

[72-75]. Microglia are derived from embryonic yolk sac progenitor cells and migrate to the 

brain during development [76]. Under normal conditions microglia have diverse functions 

in maintaining the CNS, including maintaining neuronal networks through synaptic 

regulation, promoting neurogenesis and axonal growth, promoting angiogenesis, 

phagocytosing debris from the CNS, responding to injury and providing immune 

surveillance [77-81]. Microglia proliferate locally within the brain and serve as the primary 

antigen presenting cells (APCs) within the CNS [82-85]. Microglia are also a predominant 

cell type found in the GBM microenvironment. Astrocytes meanwhile serve to maintain 

the synaptic environment by taking up neurotransmitters [86], maintaining the BBB [87], 

transporting substances into the CNS [88], and responding to injury [89,88]. In the absence 

of an activating stimulus, these cells screen the surrounding CNS, poised for activation 

[90]. 
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Despite a historic notion that the CNS was an immune privileged site it is now well 

documented that peripheral immune cells infiltrate the CNS in response to many CNS 

pathologies such as traumatic brain injury or tumor formation, and bolster the immune 

response generated by microglia and astrocytes [91-94]. Thus, in the context of CNS 

pathologies, the glial cells, including microglia and astrocytes, function in combination 

with immune cells recruited from outside of the CNS. Yet, in the case of GBM, this system 

is not just blunted but becomes co-opted by the tumor to support tumor pathobiology. 

Microglia/macrophages in the glioma microenvironment. 

GBM tumors escape immune surveillance and immune-mediated destruction, yet, 

remarkably, GBMs are infiltrated with numerous immune cells. Non-neoplastic cells found 

in the GBM microenvironment include reactive astrocytes, T-cells, endothelial cells, 

myeloid cells (including microglia, macrophages, myeloid-derived suppressor cells 

(MDSCs)), and endothelial cells [95]. The most numerous immune cells in the GBM 

microenvironment are myeloid cells including infiltrating monocytes, and microglia, 

which may comprise up to 30-40% of the tumor mass [91,96]. Due to the large percentage 

of tumor mass composed by these cells, and their diverse tumor-supporting roles, 

microglia, and macrophages are a predominant consideration for GBM microenvironment 

targeted therapies [54,97,98,95,62].  

In addition to microglia, bone-marrow derived macrophages (BMDMs) infiltrate 

the tumor [85]. These cells circulate throughout the body but are restricted from the CNS 

under normal conditions. However, in the event of CNS pathology, these monocytes can 

infiltrate the brain, where they are termed BMDMs [85]. There are limited techniques to 
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differentiate macrophages and microglia in the brain tumor microenvironment, and 

considering their shared features and functions; the two populations are often discussed as 

the microglia/macrophage component of the tumor [73,99,97].  

Under normal conditions, microglia and macrophages are activated by recognition 

of foreign antigens after which they increase expression of co-stimulatory molecules such 

as CD86 and CD80 as well as major histocompatibility complex (MHC) II [90,100,101]. 

Microglia and macrophages also produce high levels of inducible nitric oxide synthase 

(iNOS) to produce nitric oxide, express pro-inflammatory cytokines, and express redox 

enzymes such as NAPDH oxidase [90]. The activation process is tightly regulated and is 

followed by a transition away from an activated state to an anti-inflammatory state 

designed to limit tissue damage from the inflammatory response. This switch is 

accompanied by expression of anti-inflammatory cytokines and altered expression of cell 

surface proteins. Thus, microglia and macrophages are highly plastic cells, which balance 

eliminating foreign pathogens and minimizing collateral damage by dynamically shifting 

their phenotypic and functional characteristics in response to environmental cues. It has 

become clear that the resident microglia and blood-derived macrophages infiltrating GBMs 

are pushed to the anti-inflammatory state despite the immediate, unresolved presence of 

tumor cells [60,97,102,54].  

 

Polarization and phenotypic characterization of macrophages. 

Macrophages are broadly classified into two categories on opposing ends of a 

phenotypic and functional spectrum. Importantly, microglia experience a similar 
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polarization of activation and the same cell surface markers and cytokine expression 

profiles can be used to classify both infiltrating monocytes and microglia [103]. Classically 

activated M1 macrophages express phenotypic cell surface markers such as CD80 and 

CD86 and produce pro-inflammatory cytokines including IL-1, IL-12, and TNF 

[100,104,95]. These cells are major mediators of inflammatory reactions to foreign 

pathogens. Regarding the tumor microenvironment, M1 macrophages are considered to 

have anti-tumor properties [95]. On the opposite end of the macrophage polarization 

spectrum lies alternatively activated M2 macrophages, which represent the predominant 

polarization state of macrophages found in the tumor microenvironment [95]. M2 

macrophages express immunosuppressive factors such as IL-10, and TGF-β [100,104,95]. 

M2 macrophages are not simply inert bystanders in the tumor microenvironment but 

actively support tumor pathophysiology by secreting tumor-supporting and anti-

inflammatory factors; thus, they are considered pro-tumor macrophages [100,104,95]. 

Further refinement of this classification scheme has resulted in the adoption of 

several subsets of M2/anti-inflammatory macrophages based on the profile of macrophages 

exposed to different types of M2 polarizing stimuli [105]. A few different subsets of 

alternatively activated macrophages have been identified including M2a, M2b, and M2c. 

M2a is induced by IL-4 and IL-13 exposure [106]. A switch to the M2b phenotype results 

from exposure to immune complexes. The transition to M2c is most applicable to the tumor 

microenvironment and is a result of exposure to specific anti-inflammatory cytokines 

[90,100,104,95]. Most commonly, tumor-infiltrating cells adopt the M2c phenotypic 

subtype due to high expression of anti-inflammatory cytokines such as IL-10 and TGF-β 

by tumor cells [90]. Exposure of microglia/monocytes to cytokines secreted by tumor cells 
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(e.g. IL-10) often drives activation of the transcription factor STAT3 which plays a 

significant role in the shift to the M2c phenotype [90].  

It has become clear that these classifications - M1, M2, and M2 subsets - are far too 

simple for the complexity of macrophage function in vivo, especially in tumor 

microenvironments where tumor cells exert a multilayered, potent influence over 

infiltrating immune cells [98]. Although the simple classification scheme of M1 vs. M2, 

and the phenotypic and functional characteristics of macrophages in culture, are considered 

too simplistic for the in vivo tumor microenvironment, the terminology often persists, and 

this scheme highlights a key to the analysis of tumor-associated macrophages. Certain cell 

surface markers in combination with the expression of certain cytokines offer clues to the 

pro-tumor or anti-tumor function of tumor-associated macrophages (Figure 1.1). 

Particularly, changes in the relative expression of M1 and M2 markers and associated 

cytokines offer clues to a changing polarization of a tumor-associated macrophage in vivo. 

For instance, the expression of pro-inflammatory mediators such as TNF- suggests anti-

tumorigenic function, while expression of immunosuppressive mediators such as TGF-β 

are indicative of pro-tumorigenic functions [98,107,108,103,99,109,110,100].  
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Figure 1.1: Markers and functional analysis of pro-tumor and anti-tumor 

macrophages used in this study. Protein markers, cytokine expression, and phagocytic 

(Phago) activity can be broadly used to classify myeloid cell function. Throughout this 

study, high expression of protein markers including arginase-1 (Arg-1), Cd86, and Ym-1, 

high expression of the cytokine transforming growth factor β (TGF- β), and low phagocytic 

activity are used as indicators of a pro-tumor macrophage. Meanwhile, high expression of 

proteins markers including Cox-2, CD86, and iNOS, high expression of the cytokine tumor 

necrosis factor α (TNFα), and high phagocytic activity are used as indicators of an anti-

tumor macrophage.   
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Recruitment and polarization in the tumor microenvironment. 

Glioma-associated microglia/macrophages accumulate with tumor grade, 

becoming more numerous in higher-grade tumors [54]. They increase in number not 

through proliferation at the tumor site, but rather through recruitment from other sites 

[105]. Both microglia and monocytes are recruited to the tumor and are induced to adopt a 

tumor-supporting phenotype via many of the same chemoattractants and cytokines 

[60,97,102,54]. Glioma cells secrete a variety of different factors including colony 

stimulating factor 1 (CSF-1), granulocyte-macrophage-colony-stimulating factor (GM-

CSF), monocyte chemoattractant protein 1 (MCP-1), epidermal growth factor (EGF), 

among others, which recruit microglia and macrophages to the tumor site [90].   

Once recruited to the tumor sites, microglia and macrophages are polarized, or 

induced to an anti-inflammatory, pro-tumor (M2) state. Experimental findings suggest that 

this transition to a tumor-supporting role may happen within hours of exposure to glioma 

cells [111]. As mentioned above, some of the primary cytokines secreted by glioma cells 

that induce this polarization shift include TGF-β, M-CSF, and IL-10 [100,104,95]. STAT3 

is a transcription factor which transduces the signal initiated by binding of many polarizing 

factors to their respective receptor. STAT3 mediated signaling drives the polarization to 

the pro-tumor M2 phenotype in glioma [98,112-114,63]. Notably, STAT3 also plays a 

major role in GBM cell biology (See Section 1.3), and thus represents a single therapeutic 

target involved in immunosuppressive pathways in both glioma cells and glioma-

associated macrophages [98]. Therefore, STAT3 offers a unique opportunity to target both 

the immunosuppressive features of glioma cells as well as glioma-associated macrophages. 
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Tumor-supporting microglia/macrophages express reduced levels of pro-

inflammatory cytokines and show little evidence of anti-glioma function despite interaction 

with glioma-specific antigens [97,103]. After polarization, glioma-associated microglia 

and macrophages lose phagocytic function, have reduced expression of pro-inflammatory 

cytokines, and increased expression of anti-inflammatory and tumor-supporting factors.  

Glioma-supporting activities of glioma associated microglia and macrophages. 

The macrophages within the tumor microenvironment are largely the pro-tumor 

immunosuppressive or M2 subtype. Not only do glioma-associated macrophages lack anti-

tumor characteristics, but they are actively tumor supporting and promote 

immunosuppression by limiting the anti-tumor functions of surrounding cells and 

supporting glioma pathophysiology. [97,115,63,116-118]. Glioma-associated microglia 

and macrophages carry out a variety of tumor-supporting functions, including promotion 

of glioma cell growth, invasion, ECM destruction, angiogenesis, and maintaining an 

immunosuppressive microenvironment [90]. These functions are largely carried out by 

numerous secreted proteins such as epidermal growth factor (EGF), which enhance tumor 

growth, or matrix metalloproteinases (MMPs), which support tumor invasion [103]. 

Glioma-associated microglia and macrophages secrete anti-inflammatory 

cytokines including both TGF-β and IL-10, which further suppresses anti-tumor immune 

responses and polarizes macrophages. As noted above, TGF-β is secreted by glioma cells 

and drives the polarization of myeloid cells to a tumor-supporting phenotype [119,120]. 

TGF-β has pleiotropic effects on the glioma microenvironment, including inhibiting the 

activation of antigen-presenting cells [119,120]. Furthermore, TGF-β can induce the 
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production of MMPs to enhance glioma cell invasion [119,120].  Glioma-associated 

macrophages can also secrete chemoattractant factors that further recruit more microglia 

and macrophages to the tumor site [121].  Pro-glioma macrophages are also thought to 

blunt an already limited anti-glioma T-cell response. For instance, glioma-associated 

macrophages increase expression of the pro-apoptotic protein FasL. Expression of FasL by 

glioma-associated macrophages has been shown to result in the death of glioma-infiltrating 

lymphocytes [122].  

Furthermore, the immunosuppressive microenvironment works in concert with 

immunosuppressive features expressed by GBM cells themselves. GBM cells reduce the 

expression of cell surface proteins and co-stimulatory molecules [123,124], increase the 

expression of immunosuppressive molecules [56,124], and produce anti-inflammatory 

cytokines [125] (See Chapter 1.4).  

Therapeutically targeting the glioma microenvironment. 

There is a growing interest in targeting the glioma microenvironment. A therapeutic 

focus on glioma cells alone is likely inadequate, given the large percentage of infiltrating 

immune cells and the impact these immune cells have on glioma pathobiology. A glioma 

tumor is a complex mixture of dynamically interacting tumor and non-tumor cells. Unlike 

tumor cell-targeted therapies, microenvironment-targeted therapies are far less likely to 

encounter acquired resistance through mutation or issues of tumor heterogeneity [85]. 

There are unique challenges to applying immunomodulatory therapeutics to GBM 

compared to non-CNS cancers. This is due to several factors including the unique tumor 

environment, which is predominantly microglia/macrophages and has limited T-cell 
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infiltration, as well as a relatively low mutational load of GBM, which correlates with the 

poor efficacy of some adaptive immune response-modulating drugs [126].  

Strategies to combat glioma have included attempts to either eliminate glioma-

associated macrophages, prevent their recruitment to the tumor, or to repolarize glioma-

associated macrophages from a pro-tumor to an anti-tumor phenotype. Broad elimination 

of macrophages/microglia in glioma preclinical models has been shown to reduce tumor 

size and improve animal survival [63,59].  

A second strategy is to disrupt the recruitment of macrophages by blocking 

chemoattractants such as MCP-1. Inhibiting MCP-1, either through neutralizing antibodies 

or small molecules, has improved survival in pre-clinical GBM models [127,128]. Drugs 

which decrease MCP-1 expression such as minocycline and telmisartan have been 

investigated in clinical trials [128] (NCT02272270). Another approach has focused on 

repolarizing macrophages from a tumor-supporting to an anti-tumor state. Studies have 

suggested that strategies to repolarize macrophages result in a stronger anti-glioma effect, 

and more improved glioma clearance compared to strategies that seek to eliminate glioma-

associated macrophages [85]. A major means to achieve this repolarization is through 

inhibition of STAT3. STAT3 siRNA has been investigated to target glioma-associated 

microglia/macrophages. STAT3 knockdown results in repolarization of 

microglia/macrophages from a tumor supporting to an anti-tumor state as determined by 

changes in cytokine production, resulting in tumor inhibition [129,130,102]. Similarly, 

several STAT3 inhibitors have been developed and have reached clinical trials for recurrent 

glioma such as the Jak kinase inhibitor WP1066 [90] (NCT01904123).  
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Finally, another approach which has reached clinical trials is based on disruption 

of CSF-1R signaling, a receptor important for both recruiting macrophages and polarizing 

these cells to a pro-tumorigenic phenotype [71]. Disruption of this process is sufficient to 

shrink glioma tumors in pre-clinical models without directly affecting glioma cells, which 

do not express CSF-1R. The result is a potent anti-glioma effect driven by the re-polarized 

macrophages [85]. Such results led to several GBM clinical trials of CSF-1R inhibitors 

(NCT02526017) [85].  

However, to-date immunomodulatory therapies are not used in the clinical 

treatment of GBM. Even the dual approach of blocking microglia/macrophage recruitment 

and polarization via CSF1R inhibition has met challenges. Quail et al. found that 56% of 

pre-clinical GBMs acquire CSF-1R resistance by increasing the activity of compensatory 

microenvironment signaling including that of STAT6 [85]. It may be necessary to target 

multiple components of the GBM pathway, either with combinations of therapeutics or 

with one therapeutic capable of affecting multiple aspects of the glioma microenvironment. 

The impact on the tumor is determined by the relative ratio of pro-tumor and anti-tumor 

macrophages; therefore, it may be vital to target multiple macrophage polarization 

pathways or to improve therapeutic treatment of macrophages to tip the balance in favor of 

a greater pro/anti-tumor macrophage ratio [72]. A successful strategy may involve 

inhibiting multiple STAT proteins to overcome overlapping tumor-supporting functions 

[131,132]. 
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1.3 STAT Signaling in GBM 

Signal Transducers and Activators of Transcription (STATs). 

Signal transducer and activators of transcription (STATs) are transcription factors 

which dictate cellular responses to exogenous signals by both transducing signals from the 

cytoplasm to the nucleus and by driving gene transcription (Figure 1.4). The STAT family 

of proteins consists of seven STATS (1,2,3,4, 5a, 5b, and 6). Generally, STATs are 

activated through tyrosine phosphorylation by either a receptor tyrosine kinase (RTK), 

Janus kinase (JAK), or other non-receptor tyrosine kinases [133,134]. Often the signaling 

cascade originates with an extracellular ligand binding to a receptor, such as a cytokine 

receptor or growth factor receptor. This process results in either the recruitment of a kinase 

and/or activation of kinase activity, resulting in activating phosphorylation of inactive 

monomers. Once phosphorylated, STAT proteins dimerize, as either a homodimer or a 

heterodimer with another STAT protein, and then translocate to the nucleus where the 

dimer binds to STAT response elements on the DNA and drives transcription of target 

genes. The STATs composing the homodimer or heterodimer dictate the DNA binding 

sites, and thus the genes transcribed, but there is notable overlap in the effects of different 

STATs in the context of tumor biology [132,135,136].  

In all more than 40 different growth factors or cytokines have been discovered to 

activate a STAT signaling pathway [137,133,134]. Thus, STATs are essential for cells to 

dynamically respond to many extracellular cues [137,133,134]. Not surprisingly, this 

system is tightly regulated and may be inhibited through several mechanisms, most notably 

by the actions of three protein families, suppressors of cytokine signaling (SOCS) proteins, 
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protein inhibitors of activated STATS (PIAS) proteins, and protein tyrosine phosphatases. 

SOCS proteins inhibit upstream signaling in a negative feedback loop [137,133,134]. PIAS 

proteins interfere with STAT binding to target DNA sequences [137,133,134]. Finally, 

protein tyrosine phosphatases directly remove activating phosphate groups from STATs 

[137,133,134]. In normal physiological conditions, STAT activation is transient, and this 

transient activation translates the binding of these numerous growth factors and cytokines 

to down-stream intracellular effects, most importantly gene transcription [133]. 

STATs in Glioblastoma 

In many cancers, including gliomas, STAT activation, a normally transient process, 

instead becomes pathologically overactive. The implications of this depend on both the 

overactive STAT, as well as the context. Most often, overactive STAT proteins drive pro-

tumor activities. It has even been suggested that overactive STATs, particularly STAT3, 

may be required for cell transformation [138]. As seen in other malignancies, several 

STATs have been found to be overexpressed in GBM. STAT1, which is  associated with 

both tumor supporting and anti-tumor function, is overexpressed in many GBMs, most 

commonly in the reactive component near the edge of the tumor including within 

microglial cells [139]. Although it is currently unclear if STAT1 has anti-tumor or pro-

tumor activity when overactive in GBM, STAT1 drives inflammatory responses which 

may serve to restrict growth and induce apoptosis of tumor cells [138]. However, STAT1 

has also been identified as a negative prognostic marker and found to support glioma 

pathobiology in some studies [140-142]. In GBM, STAT5 expression is also reported to be 

increased in most GBMs [143]. STAT5 regulates glioma cell invasion and proliferation 

[144,145]. STAT5 may also drive malignant progression in the proneural subtype of 
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gliomas, which is characterized by platelet-derived growth factor (PDGF) mutations [146]. 

Similarly, STAT6 overexpression by glioma has been shown to promote the growth and 

invasion of glioma cells [146].  

Yet, the most commonly overactive STAT in glioma and the STAT which is 

considered most essential to glioma pathobiology is STAT3. During normal physiologic 

conditions, STAT3 has a diverse role within different cell populations and may be essential 

for development [147]. Further analyses have defined roles of STAT3 in diverse processes 

including T-cell development, cell growth, cell motility, and wound healing [133]. Within 

the brain, STAT3 plays a role in astrocyte differentiation from neural stem cells [148] as 

well as the self-renewal of neural stem cells [149]. However, in many gliomas, STAT3 

activity becomes constitutively active leading to diverse pleiotropic tumor supporting 

effects [63,113,129,150].  

STAT3 Activation in Glioma 

STAT3, in particular, is constitutively active in as many as 50-90% of human 

cancers including glioma [114]. STAT3 activity correlates with glioma grade, with a 

minority of low-grade glioma having elevated STAT3 activity, while as many as 90% of 

grade IV gliomas (GBMs) have elevated STAT3 expression [151]. There is also evidence 

that STAT3 may be elevated upon tumor recurrence [152]. STAT3 activation is a 

prognostic indicator of decreased survival in GBM patients [153]. Many common 

oncogenic signaling pathways converge on STAT signaling [114]. As a result, a myriad of 

different upstream mutations or cytokine/growth factor overexpression may drive the 

constitutive activation of STAT3 in cancer. Despite the multitude of upstream signaling 
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events capable of driving STAT3 activation, constitutive activation of STAT3 in glioma is 

often induced by either JAK2 or epidermal growth factor receptor (EGFR) [154,114]. The 

cytokine IL-6, in particular, is frequently overexpressed in GBM, which activates 

JAK/STAT signaling pathways [155]. Other STAT3 activating cytokines such as IL-10 are 

highly expressed by both glioma cells and tumor-supporting immune cells in the glioma 

microenvironment [156,103,56,157]. Another well-defined driver of constitutive STAT3 

activity in glioma is EGFR. EGFR is amplified or mutated in nearly 50% of GBMs. The 

gain of function EGFRvIII mutation caused by a deletion within the ligand-binding domain 

results in more aggressive and invasive glioma cells [158,159]. This more aggressive 

phenotype has in part been attributed to increased STAT3 activity [160]. Interestingly, 

gain-of-function mutations in STAT3 have not been found in GBM [161]. STAT3 

overactivity is a principal regulatory of GBM pathobiology. 

STAT3: Master Regulator of GBM Pathobiology 

           STAT3 activity has pleiotropic tumor supporting roles in GBM. By enhancing the 

expression of pro-survival genes, STAT3 protects glioma cells against apoptosis [162]. 

GBM tumors have an abundant, albeit anomalous, vascular supply which is essential for 

tumor growth [163]. Tumor angiogenesis in GBMs is mediated mainly by three pathways, 

vascular endothelial growth factor (VEGF), angiopoietin, and notch signaling pathways 

[164]. STAT3 promotes expression of VEGF and thereby angiogenesis in glioma 

[165,166]. Furthermore, GBM is the most aggressive brain tumor [167]. Complete 

resection of GBM tumors is rendered impossible by the aggressive invasion of GBM cells 

into the surrounding brain tissue [167]. Unlike other tumors which metastasize through 

circulatory or lymphatic systems, GBM cells are rarely found outside of the brain [168]. 
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Instead, GBM cells invade the surrounding brain by moving through perivascular spaces, 

along white matter tracks, and through the spaces between cells within brain parenchyma 

[168]. This invasion is dependent on an ability to degrade extracellular matrix (ECM) and 

enhanced motility [168,169]. STAT3 promotes glioma invasion through regulation of 

matrix metalloproteinases and increasing cell migration [170,171]. Furthermore, STAT3 is 

also a crucial regulator of GBM stem cells (GSCs). GSCs are a small population of cells 

within glioma tumors that are capable of self-renewing, generating new populations of 

glioma cells, and are considered a significant hurdle to GBM treatment due to their intrinsic 

resistance to most therapeutics and radiation [172,173]. Inhibition of STAT3 disrupts stem-

like features of GBM stem cells, prevents GBM stem cell proliferation and neurosphere 

formation [174,175]. Finally, perhaps the best-characterized function of STAT3 and the 

aspect most promising from a therapeutic targeting perspective is immunosuppression. In 

addition to mediating the polarization of glioma-infiltrating microglia and macrophages, 

STAT3 drives GBM immunosuppression through a variety of other mechanisms. STAT3 

activation inhibits the expression of pro-inflammatory cytokines and chemokines which 

may induce anti-tumor responses and recruit immune cells to the tumor site [160]. 

Consequently, inhibition of STAT3 has been shown to be sufficient to revert this 

suppression and induce expression of pro-inflammatory cytokines [176]. Furthermore, 

STAT3 suppresses CD8+ T cell activation, blunting anti-tumor immunity [177]. STAT3 

also plays a role in inducing anti-inflammatory T regulatory cells (Tregs) [177]. 

Targeting STAT3 in GBM  

          STAT3 is a promising therapeutic target considering the pleiotropic role in GBM 

pathobiology. Disruption of STAT3 may offer a method to disrupt both GBM cell biology 
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and the GBM microenvironment. Moreover, many different oncogenic pathways promote 

glioma, many of which share a common factor, STAT3, suggesting a means to disrupt the 

function of multiple oncogenic pathways through a single target [161]. Importantly, 

STAT3 activity is significantly higher in GBM tumors compared to normal brain tissue, 

suggesting minimal impact of STAT3 inhibition on normal brain cells [178]. Several 

different strategies have been attempted to inhibit STAT3 including small interfering RNA 

(siRNA) and small molecule inhibitors [179]. These inhibitors have been directed at 

various aspects of STAT3 signaling including (1) inhibition of STAT3 dimerization by 

targeting SH2 protein domains [180,181,161,179] and (2) inhibiting STAT3 binding to 

DNA to prevent STAT3 dependent gene transcription [179,182]. However, some of the 

most promising STAT3 inhibitors investigated for GBM treatment including WP1066 and 

JSI-124, small molecules that act on the upstream kinase JAK2 [130,183]. WP1066, in 

particular, has reached clinical trials for recurrent malignant glioma [90] (NCT01904123). 

      Anti-tumor effects of STAT3 inhibitors in pre-clinical models have been encouraging 

with numerous reports of strong anti-tumor effects. STAT inhibition has been shown to 

disrupt glioma tumorigenicity and proliferation [184,183]. Glioma cell invasion has been 

inhibited through STAT3 inhibition [185]. STAT inhibition has been shown to sensitize 

cancer cells to chemotherapy and radiation [182,186]. STAT3 inhibition is sufficient to 

disrupt angiogenesis in preclinical models [187-189]. As discussed previously, a major 

attribute of STAT3 inhibitors is the ability to modulate the glioma microenvironment. As 

a result, the use of many STAT3 inhibitors has focused on modulating tumor 

immunosuppression. Inhibition of STAT3 has been shown to disrupt GBM 

immunosuppression and alter the polarization of glioma-associated macrophages from a 
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tumor supporting to an anti-tumor state. The result, in preclinical models, has been 

inhibition or elimination of tumor growth [63].  

     It is currently unclear if a STAT3 inhibitor alone will lead to clinical efficacy. One 

challenge to STAT inhibition may be the redundant functions of multiple STATs. For 

instance, it has been found that other STATs may support the expression of genes typically 

considered STAT3 targets in the event of STAT3 knockdown [131]. Furthermore, the 

restoration of STAT3 activity even in the presence of an upstream kinase inhibitor, due to 

compensatory kinase activity, is documented and complicates therapeutics designed to 

disrupt signaling upstream of STAT3 activation [136,190,191].  
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Figure 1.2. JAK/STAT Signaling: Simplified diagram of the JAK-STAT signaling 

pathway. Often the STAT signaling cascade originates with an extracellular ligand 

binding to a receptor, such as a cytokine receptor or growth factor receptor. This 

process results in either the recruitment of a kinase and/or activation of kinase activity, 

resulting in activating phosphorylation of inactive monomers. Once phosphorylated, 

STAT proteins dimerize, as either a homodimer or a heterodimer with another STAT 

protein, and then translocate to the nucleus where the dimer binds to STAT response 

elements on the DNA and drives transcription of target genes. This process can be 

inhibited by several families of proteins including SOCS proteins, protein 

phosphatases, and PIAS proteins. 
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1.4 Repurposing Platinum-Based Chemotherapies for Multi-Modal Treatment of 

Glioblastoma.1 

Glioblastoma 

Glioblastoma (GBM) is the most common primary brain cancer in adults [25]. GBM is 

characterized by extensive vascularization, a high mitotic index, cellular pleomorphism, 

genetic instability, tissue necrosis, brain invasion, and immune evasion. Without treatment, 

most patients live fewer than six months. With the most aggressive combination therapies, 

the mean survival is still less than 18 months, often with devastating neurological 

consequences.  Thus, GBM remains one of the most lethal tumors, and new treatments are 

needed that will improve patient survival and quality of life. To date, the use of platinum 

drugs for the treatment of GBM has shown minimal success in large part due to limited 

delivery to the tumor and extensive off-target toxicities, as will be described below. 

However, new information is emerging that suggests the broad, multi-faceted therapeutic 

potential of platinum-based agents, including new insights related to treatment failure and 

methods to improve the therapeutic ratio. Most notably, newly recognized 

immunomodulatory properties of platinum compounds have the potential to overcome 

many of the mechanisms of GBM immune evasion. A detailed understanding of this drug 

class of compounds may allow for the successful adaptation and re-purposing of these 

 

1. Roberts NB, Wadajkar AS, Winkles JA, Davila E, Kim AJ, Woodworth GF. Repurposing 

platinum-based chemotherapies for multi-modal treatment of glioblastoma. 

Oncoimmunology 2016; 5: e1208876. 
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chemotherapeutics for the treatment of GBM. 

Platinum-Based Therapeutics as Cytotoxic Agents 

The discovery that platinum compounds could inhibit cell growth was made after 

realizing that products from a platinum electrode inhibited the growth of E. coli cells [192] 

Shortly thereafter, platinum compounds were shown to display anticancer properties [192]. 

To date, three platinum compounds - cisplatin, carboplatin, and oxaliplatin (OXA) - have 

achieved FDA approval for cancer therapy. Platinum compounds have become an 

important class of chemotherapeutics used clinically for the treatment of a variety of 

cancers [193].  

Much of the research efforts devoted to understanding platinum-based agents have 

focused on the ability of these compounds to induce cancer cell apoptosis. Platinum 

compounds accumulate within cells mainly through the copper influx transporter 1 (CTR1) 

protein, although other mechanisms have been shown to play a minor role [193]. Once in 

the cell, platinum compounds exert cytotoxic effects through a variety of mechanisms. The 

best-characterized cytotoxic mechanism of platinum drugs is the formation of DNA 

adducts. The platinum atoms bond with purine nucleotide bases forming intrastrand and 

interstrand crosslinks, which prevents both DNA replication and gene transcription [17]. 

Platinum-induced DNA damage is detected by the cell, leading to upregulation of 

nucleotide excision repair (NER), mismatch repair (MMR), and other mechanisms. If cells 

are unable to repair the DNA damage, the cell initiates a cascade of events culminating in 

apoptosis[17]. The cytotoxic effects of platinum drugs rely on these apoptotic pathways.  
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Failure Considerations for Platinum Therapy in Glioblastoma - Limited Efficacy and 

Dose-related Toxicity  

Platinum drugs are used successfully to treat a variety of cancers; however, they 

have a checkered history in the treatment of GBM patients, featuring hints of success but 

mostly dose-limiting toxicities when delivered systemically or in regions of sensitive 

tissues. This treatment failure may be due to the limited amount of a given platinum drug 

dose that crosses the blood-brain barrier (BBB) and significant systemic toxicities 

occurring before effective drug concentrations are reached within the tumor [194-196]. 

Early clinical trials with these agents offered great promise, such as a phase II trial which 

found either partial responses or stable disease in 20 out of 38 patients treated with 

chemotherapy supplemented with carboplatin and etoposide (a microtubule disruptor) 

[197]. However, subsequent trials focusing on platinum drugs in combination with 

radiation therapy and other chemotherapies showed no significant survival advantage with 

the addition of a platinum agent [198-200]. Systemic toxicity remains a fundamental 

limitation with administration of platinum chemotherapeutics, including ‘protected’ 

formulations like Lipoplatin and less toxic forms such as carboplatin [201,202]. Hence, the 

most significant hurdle to the successful application of platinum drugs for advanced brain 

cancer has been dose-limiting toxicity [203]. This is the likely reason why platinum-based 

therapies for GBM have not led to the same level of success seen in other cancers.   

Repurposing Platinum Drugs: Non-Cytotoxic and Immunomodulatory Effects of Platinum 

Compounds 
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The DNA damaging effect noted above, as well as other direct non-cytotoxic 

platinum drug mechanisms, interconnect with pathways related to cell invasion, 

angiogenesis, chemo- and radio-sensitization and immunomodulation (Figure 1.3). These 

broad effects may require lower sustained platinum drug doses over longer times to permit 

extended cell viability and reorganization of complex cellular pathways and the tumor 

microenvironment. The exploitation of these effects may enable the repurposing of 

platinum drugs for GBM therapy. Specifically, platinum compounds may hinder the ability 

of GBM cells to invade the surrounding tissue by downregulating matrix metalloproteinase 

(MMP) expression [204]. Evidence in GBM models also suggests that platinum 

compounds may have anti-angiogenic effects [205]. Additionally, platinum compounds are 

capable of enhancing the efficacy of the current adjuvant therapies for GBM (TMZ and 

radiotherapy) by modulating the MGMT DNA repair enzyme [206] and by enhancing 

radiation effects possibly by increasing the formation of transient anionic molecules [207]. 

Lastly, the relatively unknown non-cytotoxic effect of platinum drugs - 

immunomodulation - may hold great promise for the treatment of GBM, because this offers 

the possibility of reversing GBM-mediated immune evasion.  

Immune Evasion in Glioblastoma 

Malignant brain tumors, including GBM, develop numerous mechanisms to evade 

recognition and elimination by the immune system [56,124,208]. A complete description 

of the mechanisms of glioma-mediated immune evasion is beyond the scope of this review, 

for a summary of the subject see refs. 56-57. However, it is known that GBM cells alter 

the expression of cell surface proteins such as Human Leukocyte Antigens (HLA)[123] 

and costimulatory molecules[124]. Altered expression of these proteins hampers immune 
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responses against GBM cells. The loss of HLA class I, expressed by most nucleated cells, 

or the downregulation of tumor antigen expression impairs antigen presentation leading to 

defective cytotoxic T-lymphocyte (CTL) responses against the glioma cell [56,124]. Also, 

the absence of critical costimulatory molecules on glioma cells further limits an effective 

immune response by CTLs [56,124]. Glioma cells can also increase the expression of 

immunosuppressive molecules such as program death ligand-1 and 2 (PD-L1 and PD-L2) 

leading to diminished T cell responses [56,124]. PD-L1 is highly expressed on many GBM 

patient samples, likely due to increased PI (3) kinase activity secondary to phosphatase and 

tensin homolog (PTEN) loss [209,210]. Furthermore, gliomas have been shown to 

upregulate PD-L1 expression on tumor-associated macrophages and circulating monocytes 

by producing high levels of IL-10 [125]. In addition to IL-10, glioma cells can create a 

variety of factors including prostaglandins (PGE), transforming growth factor (TGF-) 

and fibrinogen-like protein-2 (FGL2), which can suppress antitumor T cell activity and 

promote the development of a variety of immunosuppressive cell types.  Similarly, 

increased expression of Fas Ligand (FasL), CD70, and numerous immunosuppressive 

cytokines disrupt immune responses by inducing apoptosis or anergy in lymphocytes 

[56,124].  

Major immuno-biochemical signaling hubs controlled by the Signal Transducer 

and Activator of Transcription (STAT) family of transcription factors also play a major 

role in regulating immune function in the GBM microenvironment. In particular, STAT3 

and STAT6 are constitutively active in several cell types within the microenvironment of 

many GBM tumors [211] and contribute to the inhibition of pro-inflammatory cytokines, 

induction of regulatory T-cells [211], and reduced anti-tumor antibodies [212] [213]. This 
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broad chemical and cellular reprogramming of the tumor microenvironment leads to the 

development of immunosuppressive cells, including M2 macrophages, regulatory T cells 

(Tregs), and myeloid-derived suppressor cells (MDSCs), which combine to allow the 

tumor to grow and invade the brain [56,124].  

Recalibrating the balance of immune function for cancer therapy has become a 

major research focus in recent years leading to the FDA approval of several 

immunomodulatory cancer therapies including ipilimumab, pembrolizumab, and 

nivolumab – monoclonal antibodies (mAbs) now referred to as ‘immune checkpoint 

inhibitors.’ Ipilimumab is a cytotoxic T lymphocyte-associated protein 4 (CTLA4) mAb 

[214] while pembrolizumab and nivolumab recognize PD-1, the cell surface receptor for 

PDl-L1 and PD-L2 [214]. Immune checkpoint inhibitors have found remarkable success, 

particularly for the treatment of melanoma [215]. Specifically, both ipilimumab and 

nivolumab improve overall survival compared to first-line chemotherapy for metastatic 

melanoma in a subset of patients [216]. To date, most immune checkpoint inhibitor studies 

have focused on treating melanoma; however, emerging evidence suggests that these 

therapies can be applied successfully to other cancers [215]. The success of immune 

checkpoint blockade in various cancer types highlights the importance and potential of 

immunomodulation for GBM.  

 

 Platinum Drugs Modulate Immune Function in Non-CNS Cancers  

Platinum drugs are capable of modulating a variety of the immunosuppressive 

features associated with numerous cancers, including colon cancer and head and neck 

squamous cell carcinoma (HNSCC) [70,124]. One of the first studies regarding the 
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immunomodulatory potential of platinum drugs revealed that OXA is more effective in 

immunocompetent animal models [70]. Since that report, it was realized that platinum 

drugs have dose-dependent immunomodulatory effects, generally most evident at non-

cytotoxic, non-lymphotoxic levels [70,217]. Treatment of cancer cells with OXA increases 

the expression of MHC class I (the non-human equivalent of HLA I) [218,219]. 

Additionally, treatment of cancer cells with platinum drugs reduced PD-L2 expression, 

resulting in enhanced T-cell activation [218]. This reduction of PD-L2 expression may be 

mediated by STAT6 inhibition as PD-L2 is known to be regulated by STAT6 signaling and 

platinum drugs have been shown to reduce STAT6 phosphorylation (activation) [218]. 

Importantly, patients with HNSCC that overexpressed STAT6 had a better response to 

treatment with cisplatin and radiotherapy compared to patients whose tumors that did not 

exhibit activated STAT6 signaling [70]. In addition to the modulation of STAT6, emerging 

evidence suggests that platinum drugs may also inhibit STAT3 signaling, possibly by 

directly binding to STAT3, thereby preventing dimerization and nuclear translocation 

[220]. Platinum drugs have also been shown to alter the profile of circulating immune cells 

and the profile of tumor-infiltrating immune cells [218]. More specifically, OXA reduces 

the number of circulating MDSCs [221], increases the number of circulating CTLs, and 

reduces the amount of Treg cells [222]. Platinum drugs are also able to directly enhance 

CTL anti-tumor activity by upregulating the expression of mannose-6-phosphate (M6P) 

receptors [223]. Expression of M6P receptors modulates CTL killing of cancer cells by 

increasing cancer cell sensitivity to the pro-apoptotic serine protease granzyme-B [223].   

OXA is also capable of inducing immunogenic cell death, defined as cell death that 

generates an anti-tumor adaptive immune response against antigens expressed by the dead 
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cell [224]. This results in ‘immunological memory,’ which helps to generate durable anti-

tumor immune recognition and control of tumor growth [224]. Immunogenic cell death 

requires several events to occur. First, calreticulin, a protein chaperone normally found in 

the ER, is expressed on the cell surface. This serves as a signal to dendritic cells (DCs) to 

engulf the affected cell [224]. The cell then releases ATP, which serves as a chemokine 

that attracts DCs and macrophages to the tumor [224]. Pro-inflammatory cytokines and 

type I interferons (IFNs) are also produced [224]. Cells release high mobility group protein-

1 (HMGB-1), a nuclear protein that interacts with toll-like receptor (TLR)-2 and -4 

expressed on antigen presenting cells such as DCs in their activation and maturation [224]. 

The importance of immunogenic cell death, and HMGB-1 expression in particular, in 

mediating the effects of OXA is highlighted by findings that colorectal cancer patients with 

mutations in the TLR4 gene have a decreased response to treatment with OXA [225].   

Immunogenic cancer cell death driven by OXA, and in particular, the first phase 

characterized by the expression of calreticulin on the cell surface is dependent on an 

induction of ER stress [224]. ER stress is the result of a disruption in the normal function 

of the ER, caused by events such as the accumulation of proteins within the ER [226]. 

Notably, platinum compounds cause ER stress by a mechanism independent of the drugs’ 

DNA-based effects [224]. Interestingly, cisplatin does not appear to induce immunogenic 

cell death [70], despite increasing the release of HMGB-1 and ATP from cells [224] [70]. 

These broad and specific immunomodulatory effects in non-CNS cancers suggest 

that platinum drugs may be capable of modulating a number of aspects of glioma immune 

evasion. Ongoing investigations into the extent to which platinum drugs are capable of 

modulating the glioma microenvironment and host immune system will shed more light on 
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this possibility. The validation of these immunological effects in future studies could result 

in the re-purposing of platinum drugs for GBM therapy and could likely become a renewed 

focus of clinical research in neuro-oncology.  

Augmenting Delivery to Improve Platinum-Based Therapy 

To successfully repurpose platinum drugs for glioma therapy, effective delivery to 

the tumor remains a critical issue. The blood-brain barrier (BBB) complicates systemic 

delivery controlling the passage of most molecules and drugs from the blood circulation to 

the brain [7,227]. The BBB consists of cerebral endothelial cells connected by tight 

junctions, a thick basement membrane, and astrocytic end-feet. It has been estimated that 

>98% of small-molecule drugs and nearly all biologics (e.g., therapeutic mAbs) minimally 

cross this barrier [228]. Numerous advanced delivery strategies designed to mitigate the 

BBB have been explored to capture the beneficial effects of platinum drugs while 

minimizing undesired side effects. These strategies include (a) increasing BBB 

permeability [229], (b) delivering cisplatin within biodegradable polymer implants in the 

tumor bed of patients [230] and (c) bypassing the BBB via delivery under low sustained 

pressure (‘convection’) directly into the brain through an implanted catheter(s), an 

approach termed convection-enhanced delivery (CED) [231]. The expanding field of 

nanomedicine offers a variety of  drug formulation options to improve platinum-based 

therapies, such as (a) increased solubility and increased blood half-life, (b) reduced side-

effects through targeted delivery and broader tissue distribution in mouse intracranial 

glioma models [42], (c) controlled and sustained drug release, and (d) simultaneous 

incorporation and delivery of other anticancer drugs for combination therapy [232].  
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 Improved solubility and increased blood half-life 

Many platinum-based drugs, have limited solubility in water, a short half-life, and 

are rapidly cleared by the lymphatic system. To overcome these challenges, platinum drugs 

can be encapsulated in or conjugated to NPs to improve their water solubility and half-life. 

Peng et al. [233] observed significantly prolonged blood circulation time (>7-fold) and 

enhanced pharmacokinetics and biodistribution of EGFR-targeted heparin-cisplatin NPs 

compared to free cisplatin after systemic delivery in nude mice bearing H292 cell tumors. 

Often, platinum agent-encapsulated/conjugated NPs are decorated with low molecular 

weight polyethylene glycol (PEG), which is a hydrophilic and biocompatible polymer 

approved for use in humans. PEG reduces the opsonization of the particles and obstructs 

particle interaction with other biomolecules and cells. This serves to prolong blood 

circulation, which helps particles passively accumulate into tumors. For instance, Miller et 

al. [234] observed a >6-fold increase in the half-life of Pt(IV)-encapsulated polylactic-co-

glycolic acid (PLGA) PEG NPs compared to the free Pt(IV) in a breast cancer xenograft 

mouse model. 

 Reduced side-effects through enhanced site-specific delivery and distribution into tumors 

As mentioned above, the main challenges in treating brain tumors such as GBM 

with platinum drugs are dose-limiting toxicities and ineffective methods to deliver these 

drugs to the target. Indeed, only a limited amount of systemically administered drug 

reaches the CNS [235]. This is a result of the BBB, the extracellular space matrix and the 

glialymphatic system of brain tissue which limits the distribution of therapeutics within the 

CNS [15]. NPs may improve the delivery of therapeutics to invasive GBM cells by 

overcoming such drug delivery challenges [42]. Furthermore, a significant reason for the 
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failure of platinum-based chemotherapeutics in GBM patients is off-target toxicity. NP 

formulations may effectively address this issue; indeed, NPs have been shown to reduce 

toxicity compared to free drug [236]. Carboplatin NPs engineered using the biodegradable 

polymer poly (e-caprolactone) were shown to reduce the incidence of carboplatin-induced 

hemolysis, in addition to being more efficiently taken up by glioma cells [237]. In another 

study, the delivery of carboplatin PLGA NPs had less neuronal toxicity compared to free 

carboplatin [238]. Importantly, free platinum drugs at high doses induce lymphodepletion 

[239], suggesting that non-targeted systemic delivery of platinum drugs may hinder anti-

tumor immune responses. Therefore, NP encapsulation appears to offer many opportunities 

to improve platinum drug delivery and significantly reduce toxicity. 

Several drug-NP formulations are under investigation to improve platinum-based 

chemotherapy. For a comprehensive review of cisplatin NP formulations see ref 58. 

Several PEGylated cisplatin NP formulations have advanced to clinical trials for NSCLC, 

pancreatic, breast, and other cancers [240]. Lipoplatin, a PEGylated liposomal cisplatin 

formulation, has been shown to lower side effects and specifically reduce nephrotoxicity 

compared to free cisplatin [241]. In phase III clinical trial, patients with NSCLC treated 

with Lipoplatin had a better response rate and fewer toxicities compared to patients treated 

with free cisplatin [242]. Liposomal formulations of OXA analogs also have been 

developed. For example, Lipoxal is a liposomal OXA formulation that has reached clinical 

trials for advanced cancer[243] and was produced using similar formulation strategies as 

Lipoplatin. A recent study using Lipoxel in F98 glioma-bearing rats has shown that the 

maximum tolerable dose of Lipoxal is as much as 3-fold higher than that of free OXA 

[244]. Another NP formulation, NC-6004, encapsulates cisplatin in polymeric micelles of 
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PEG-poly (glutamic acid) and has advanced to clinical trials for solid tumors[245]. NC-

6004 provides a sustained release of cisplatin and consequently has low toxicity[245].  

Platinum NP delivery approaches often can exploit differences between normal 

tissues and tumors to increase the selectivity of the drug towards its intended target. 

Specifically, the enhanced permeability and retention (EPR) effect is based on the 

increased permeability of macromolecules in the tumor coupled with poor lymphatic 

clearance and slow venous return in these tissues [246], resulting in increased accumulation 

of the NPs within the tumors. Platinum drug-loaded NPs may take advantage of the EPR 

to achieve passive targeting to CNS tumors. This in some cases can be enhanced further by 

active targeting using ligands or antibodies attached to the NP surface that can selectively 

bind to tumor-specific moieties displayed on the target cells. Such moieties are generally 

transporters, antigens or receptors that are expressed at higher levels in tumors compared 

to normal tissues. For example, NPs containing cisplatin were targeted to glioma cells using 

a monoclonal antibody to connexin 43, a protein highly expressed in the tumor. This 

targeted NP formulation exhibited reduced toxicity and prolonged the survival of glioma-

bearing rats [247]. Furthermore, a mitochondrially targeted NP loaded with the cisplatin 

prodrug, Platin-M, successfully delivered the drug to neuroblastoma cells [248] and has 

shown very little neurotoxicity in animal models despite a high level of drug accumulation 

in the brain [249]. Another intriguing glioma cell-specific target is the cell surface receptor 

fibroblast growth factor-inducible 14 (Fn14). NPs targeted to Fn14-positive GBM cells 

using a monoclonal antibody improved NP tumor localization and internalization[42,250]. 

Thus, a similar targeting strategy may enhance the delivery of platinum compounds 

specifically to GBM cells, improving efficacy and minimizing toxicity. 
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Controlled and sustained drug release 

Not only do NPs appear to enhance drug delivery to the GBM tumor tissue, but 

they also offer the property of controlled drug release. Depending on the NP encapsulating 

material, drugs are released either as NPs degrade over time (e.g., PLGA) or merely diffuse 

from the NP system (e.g., liposome). For example, biodegradable PLGA carboplatin NPs 

successfully provided sustained release of carboplatin in rat brains [238]. Moreover, NP 

formulations of carboplatin compounds are capable of producing controlled release of the 

drug for more than a week [251]. While sustained release can be achieved through 

numerous biomaterial formulation strategies, NPs can be designed to enable brain-

penetration and tumor targeting [42,43], improving treatment for invasive brain tumors, 

like GBM. Furthermore, free platinum drugs have a limited half-life in most tissues. For 

instance, the half-life of cisplatin is approximately 58 hrs. in rodent brains [210]. Sustained 

platinum drug release by nanocarriers may be necessary for sustained inhibition of 

immunosuppressive features and a prolonged anti-tumor immune response. 

Simultaneous incorporation and delivery of other anticancer treatments for combination 

therapy 

 The common observation that many single-agent chemotherapeutic treatment 

regimens fail due to the emergence of resistant sub-clonal tumor cell populations, strongly 

suggests that combinational treatment strategies will be necessary which utilize the diverse 

mechanisms of actions of multiple therapeutics to reduce the possibility of resistance [252]. 

Combinations of drugs can have a synergistic effect, providing better treatment outcomes 

than single drug therapy [252-254]. As mentioned earlier, platinum compounds are 
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combined commonly with other anticancer agents including fluorouracil, etoposide, 

paclitaxel, and capecitabine [255]. However, the successful simultaneous administration of 

two anti-cancer agents can be difficult due to the differences in drug solubility, 

biodistribution, and pharmacokinetics [255]. One advantage to the use of NPs as drug 

delivery vehicles is that they can be formulated to contain more than one therapeutic agent. 

For example, the encapsulation of doxorubicin and cisplatin into a single nanocarrier was 

found to improve therapeutic efficacy compared with a treatment regimen of either drug 

alone, or co-administration of the two free drugs [255]. Other studies have also shown that 

the delivery of NPs containing platinum drugs and another anticancer drug results in a 

synergistic anti-tumor effect [256,255]. For an extensive review of polymer-based 

platinum combination therapy delivery systems see ref. 156. Given the unique delivery 

challenges of CNS tumors and the difficulty of effectively administering combination 

therapies, NPs present a means to deliver combination therapies consisting of a platinum 

drug and another anticancer drug. NPs can be designed to delivery platinum agents in 

combination with a tumor antigen, adjuvant, or another immunostimulatory factor in 

fostering an anti-tumor immune response [210]. NPs have been dual loaded with a TGF-β 

inhibitor and IL-2, providing sustained local delivery of the drug combination, resulting in 

a synergistic anti-tumor effect in melanoma models [257]. Platinum drugs may be dual 

loaded with other immunomodulatory therapeutics into NPs for a synergistic and sustained 

anti-tumor immunomodulation.  

The immunomodulatory effects of platinum drugs may be enhanced or exploited 

for the treatment of GBM by loading NPs with a platinum drug and one or more other 

therapeutic agents. For example, NP formulations of chemokines are under investigation 
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for anti-cancer therapy [258]. The dual loading of chemokines and platinum-

chemotherapeutics may offer synergistic anti-glioma effects. Specifically, platinum drugs 

may generate a more permissive environment for immune cells to enter the tumor in 

response to chemokine co-treatment. Alternatively, dual-loading of dendritic cell 

stimulatory molecules such as cytosine-phosphate-guanine with platinum drugs may help 

generate a strong effector cell anti-glioma response[259]. Furthermore, as some platinum 

drugs can cause immunogenic cell death, it may be beneficial to co-deliver therapeutics to 

reinforce the resulting anti-tumor adaptive immune response. Although platinum drugs 

alone have multiple immunomodulatory effects, the co-delivery of platinum drugs and 

other immunomodulatory or cytotoxic therapeutics offers a way to strengthen or 

complement these multi-modal effects.  

Repurposing Platinum-based Chemotherapeutics, Conclusions 

 Many therapeutics, including platinum agents, have been investigated extensively 

as potential therapies for GBM patients. The limitations of these agents for GBM treatment 

have become increasingly clear as evidenced by the minimal improvement in patient 

survival and/or treatment-related toxicities. However, emerging evidence suggests there 

may be previously unrecognized and heretofore inaccessible therapeutic potential of such 

treatments, specifically platinum-based drugs if the delivery and dosing can be controlled 

carefully. The principles of nanomedicine and formulation chemistry offer new 

opportunities to re-align the therapeutic ratio of otherwise toxic chemotherapeutics, 

especially in GBM because NPs can overcome some of the drug delivery challenges 

presented by the BBB and brain tissue, provide a sustained drug release, targeted to GBM 

cells and reduce toxicity. Included in the newly recognized therapeutic effects appears to 
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be immunomodulation, which may have broad application in future combination therapies 

for GBM.  



41 
 

Table 1.1: Summary of Immunomodulatory Effects of Platinum Drugs 

Immunomodulation: Effect of Modulation: GBM Significance: Refs: 

Reduce PD-L 

Expression 

Decreases inhibitory 

signals that hamper anti-

tumor immune 

responses 

GBM cells upregulate 

expression of PD-L, 

hindering anti-tumor 

T cell responses 

68, 124, 

144 

Increase MHC I 

Expression 

Improves tumor cell 

recognition by the 

immune system 

GBM cells reduce 

MHC class I 

expression, leading to 

impaired antigen 

presentation 

124, 144, 

218 

Inhibit STAT 

Signaling 

Inhibits pathways 

involved in numerous 

oncogenic processes, 

including 

immunosuppression 

Aberrant STAT 

signaling is found in 

many GBM tumors 

and contributes to 

immunosuppression 

211-213, 

218, 219 

Alter Tumor 

Microenvironment 

Immune Cell Profile 

Reduces 

immunosuppressive 

cells including, Tregs 

and MDSCs, and 

increases CTLs 

GBM induces 

numerous 

immunosuppressive 

cell types which 

enhance 

immunosuppression 

124, 144, 

218-221 

 

Increase M6P 

Expression 

Enhances CTL anti-

tumor activity by 

altering cancer cell 

sensitivity to the pro-

apoptotic serine 

protease, granzyme-B 

GBM cells suppress 

anti-tumor CTL 

responses 

124, 144, 

222 

Immunogenic Cell 

Death 

Generates 

‘immunological 

memory’ enabling 

durable anti-tumor 

immune responses 

GBM cells 

effectively evade and 

suppress the immune 

system, preventing 

durable anti-tumor 

immune responses 

144,124, 

218 

Abbreviations: CTL, cytotoxic T lymphocyte; GBM, glioblastoma; M6P, mannose 6-

Phosphate; MDSC, myeloid-derived suppressor cells; MHC, major histocompatibility 

complex; PD-L, programmed death ligand; STAT, signal transducers and activators of 

transcription; Treg, regulatory T-cell 
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Figure 1.3 Therapeutic Effects of Platinum Drugs: Platinum drugs have several known 

anticancer effects including inhibiting cancer cell (brown cells) invasion, inducing 

apoptosis, inhibiting angiogenesis, reversing immunosuppression (blue cell represents a 

lymphocyte), and enhancing the current GBM therapies, Temozolomide (TMZ) and 

radiation. 
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Chapter 2: Hypothesis and Specific Aims. 

STAT3 is a transcription factor at the core of GBM tumor pathobiology. STAT3 signaling 

is constitutively active in many GBM tumors and dictates diverse aspects of glioma biology 

including angiogenesis, invasion, chemotherapeutic resistance, and immunosuppression. 

STAT3 also controls and co-opts the primary glioma-associated immune cell, 

macrophages, which comprise up to 40% of the tumor mass. Consequently, STAT3 has 

emerged as a major target of GBM therapy particularly as it represents a target whose 

inhibition may disrupt both glioma cell biology and the tumor supporting 

microenvironment [113,112,114].  

Recently it has been realized that the platinum-based chemotherapeutic OXA, has diverse 

anti-tumor activity distinct from direct cytotoxicity. It has been reported that a major effect 

of OXA is the inhibition of STAT proteins, including STAT3 [68,65]. OXA treatment may 

overcome the pleiotropic glioma-supporting functions of STAT3 but may require sustained 

release drug delivery strategies to realize and maintain these effects in vivo. It is likely that 

sustained release therapeutic formulations designed to maximize the secondary effects of 

OXA, particularly STAT3 inhibition, will have potent anti-GBM effects, including a 

reprogramming of the tumor microenvironment, at doses that are less toxic in the CNS.  

We hypothesize that OXA will reduce STAT3 activity in glioma cells as well as 

macrophages and that OXA nanoparticle formulations will sustain STAT3 inhibition 

in vivo enabling the use of OXA as a biomaterial inhibitor of STAT3 for the treatment 

of glioma. This hypothesis will be tested in the following Specific Aims:  
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Specific Aim 1: Define the impact of OXA on glioma cell and glioma-associated 

macrophage STAT3 activity. 

1.1: Define the effect of OXA on glioma cell STAT3 activity. OXA has been reported 

to modulate STAT signaling in non-CNS tumors. Therefore, we defined the impact of 

OXA on STAT3 phosphorylation and activity, including the dose-response relationship 

and kinetics in glioma cells.  

1.2: Investigate potential mechanisms by which OXA modulates STAT3 signaling 

in glioma cells. To evaluate potential mechanisms of OXA inhibition of STAT3 we 

investigated the role of OXA-induced endoplasmic reticulum stress in STAT3 

inhibition. We also assessed components of JAK-STAT signaling to determine possible 

mechanisms by which OXA reduces STAT3 phosphorylation.  

1.3: Define the effect of OXA treatment on (i) STAT3 signaling in glioma 

conditioned media-treated macrophages and (ii) macrophage polarization in vitro. 

STAT3 activity is an important mediator of glioma-associated macrophage polarization 

to a tumor supporting phenotype. Therefore, we analyzed the effect of OXA on 

macrophage STAT3 expression and impact on markers of macrophage polarization in 

vitro.  
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Specific Aim 2: Evaluate OXA nanoparticle formulations as a biomaterial inhibitor of 

STAT3 in a murine model of glioma. 

2.1: Characterize sustained release formulations of OXA nanoparticles. 

Nanoparticle formulations will likely enable the use of OXA for the treatment of GBM 

by overcoming drug delivery challenges and by sustaining OXA at the tumor site. In 

this sub-aim, we formulated and characterized OXA nanoparticles (OXA-NPs) 

 

2.2: Evaluate OXA-NPs as a biomaterial inhibitor of glioma cell STAT3 activity 

and potentiator of OXA therapeutic effects. After creating OXA-NPs and evaluating 

their physiochemical properties, we analyzed the use of OXA-NPs in vivo to inhibit 

tumor STAT3 expression. We also evaluated the capacity of OXA-NPs to potentiate 

OXA effects in vivo including inhibition of other STATs and markers of 

immunomodulation. 

2.3 Determine the impact of OXA-NPs on glioma-associated macrophage 

polarization. 

STAT3 is a major transcription factor controlling the immunosuppressive GBM 

microenvironment. This combined with findings that OXA may broadly alter tumor 

microenvironment immunosuppression, lead us to evaluate the impact of OXA-NPs on 

the glioma microenvironment including the relative numbers, phenotype, and function 

of macrophages. 
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Chapter 3: Materials and Methods:  

Cell culture of KR158-luciferase and GL261-luc-luciferase glioma cells and 

generation of KR158 STAT3 luciferase reporter cell line 

The murine glioma cell lines KR158 cells and KR158-luciferase (KR158-luc) were 

obtained from Dr. Tyler Jacks (Massachusetts Institute of Technology, Cambridge, MA) 

and murine GL261-luciferase (GL261-luc) glioma cells were from Dr. Michael Lim (Johns 

Hopkins School of Medicine, Baltimore, MD). Cells were maintained in Dulbecco’s 

Modified Medium (DMEM) supplemented with 10% FBS, 2 mM L-glutamine and 1% 

penicillin-streptomycin. In experiments in which the media was changed, cell culture 

media was removed, and the cells were washed with phosphate buffered saline (PBS) 

before adding new DMEM media to the culture dish. KR158 cells were transfected with a 

STAT3-luciferase reporter plasmid (pGL4.47[luc2/SIE/Hygro]; Promega) using 

Lipofectamine (Thermofisher) and a stably-transfected pooled cell line was isolated by 

hygromycin B (Corning) selection (500 µg/mL). In experiments utilizing IL-6, cell culture 

media was supplemented with 10 ng/mL of recombinant mouse IL-6 (Biolegend).  

Western blot analysis  

Cells were harvested using trypsin and lysed using RIPA lysis buffer (Amresco) 

supplemented with a protease/phosphatase inhibitor cocktail (Cell Signaling Technology). 

A BCA protein assay (Pierce Protein Biology) was used to determine the protein 

concentration of each lysate. Equal amounts of protein were loaded into NU-PAGE SDS 

gels (Thermo Scientific) for electrophoresis followed by electrotransfer to PVDF 

membranes (Millipore). Membranes were blocked using 5% bovine serum albumin (BSA) 
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in Tris-buffered saline with 0.05% Tween (Cell Signaling Technology). Membranes were 

then incubated with the indicated primary antibody, and subsequently with an appropriate 

horseradish peroxidase (HRP)-conjugated secondary antibody (Cell Signaling 

Technology). The membranes were washed in TBST and HRP activity was determined by 

chemiluminescence using ECL Prime Western Blotting System (Sigma). The following 

primary antibodies obtained from Cell Signaling Technology were used: actin, arginase-1, 

CD86, cleaved PARP, Cox-2, PD-L1, PD-L2, GAPDH, iNOS, phospho (p) STAT3 (Y-

705), STAT3, p-EIF2a (S-51), EIF2a, pSTAT1(Y-701), STAT1, pSTAT5 (Y-694), 

STAT5, pSTAT6 (Y-641), STAT6, pJAK2 (Y-1007/10008), SHP2, and TGF-β. 

Cell growth assays 

KR158-luc or GL261-luc cells were seeded in triplicate in 96-well cell culture dishes in 

normal growth conditions. Cells were then left untreated or treated with 50, 100, 200, 300, 

400 or 500 µM OXA (OXA; Sigma-Aldrich) dissolved in DMEM for 24 hrs. and then 

WST-1 proliferation agent (Sigma-Aldrich) was added to the media. Cell growth was then 

determined by absorbance readings according to the manufacturer’s recommendations. 

Cell death assays  

KR158-luc or GL261-luc cells were seeded in triplicate in 96-well cell culture dishes in 

normal growth conditions. Cells were then left untreated or treated with OXA (same doses 

as above) for 24 hr before an LDH cytotoxicity assay (Sigma-Aldrich) was performed 

according to the manufacturer’s recommendations. Lysis buffer provided with the assay 

served as a positive control as recommended by the manufacturer.  

Western blot array and string network analysis 
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KR158 and GL261 cell lysates were collected and protein concentration was determined 

as described above. Regulation of cytokine and chemokine expression was assessed using 

the Mouse XL Cytokine Antibody Array Kit (R & D Systems ARY0028) according to the 

manufacturer’s recommendations. Proteins were detected using chemiluminescent 

reagents and densitometry was performed using Image Lab software to determine relative 

signal intensities. The network analysis map was generated using the STRING Network 

Analysis tool (string-db.org) [260]. Proteins with an at least 1.5-fold change in both KR158 

and GL261 glioma cell lines were analyzed using the String protein-protein interaction 

tool.   

Small interfering RNA transfections 

Cells were seeded into 6 well dishes and one day later they were transfected with 

transfection reagent alone, non-silencing control siRNA, SHP2 specific siRNA #1, or 

SHP2 specific siRNA # 2. All siRNAs were purchased from Qiagen. The final 

concentration of siRNA was 20 nM and transfections were conducted using RNAi Max 

reagent (Life Technologies). At 72 hr post-transfection, the cells were treated with 200 μM 

OXA for 9 hr and then harvested for Western blot analysis. 

STAT3 luciferase reporter assays 

KR158 STAT3-luciferase (luc) reporter cells were seeded at a density 2 x105 and grown in 

6-well culture dishes. Cells were then left untreated or treated with 200 µM OXA, dichloro 

(1,2-diaminocyclohexane) platinum (DACHPt), cisplatin (CDDP), bis-

chloroethylnitrosourea (BCNU), or temozolomide (TMZ) unless otherwise indicated for 

either 9 hrs. or the length of time indicated. All drugs were dissolved in DMEM. Cells were 
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pelleted by spinning in a microcentrifuge at 2,000 rpm for 3 min in clear microcentrifuge 

tubes and lysed using the One-Glo Luciferase Assay System (Promega). Luciferase activity 

was determined using the One-Glo Luciferase Assay System (Promega) using a Glomax 

20/20 luminometer.  

Immunoprecipitation and in vitro SHP2 phosphatase assay 

SHP2 immunoprecipitation was performed by incubating cell lysates with SHP2-specific 

antibodies (Cell Science Technologies) on ice for 15 min, followed by incubation with 

protein A/G agarose beads for 1 hr. Next, samples were centrifuged at 2,000 x g for 10 min 

and washed 3x in RIPA lysis buffer. Following immunoprecipitation, samples were 

resuspended in 1x phosphatase assay buffer (Sera Care). Fifty uL of each phosphatase was 

incubated with 50 uM SHP2 substrate- Dadey(po3) lipqqg (R&D). After a 30 min 

incubation, phosphatase activity was measured using a malachite green phosphatase assay 

(Cayman Biochemical) according to the manufacturer’s instructions. 

Isolation of bone marrow-derived macrophages and glioma conditioned media 

experiments. 

Bone marrow-derived macrophages (BMDMs) were isolated by harvesting marrow from 

the femurs of 5-6-week-old C57BL/6 mice. Non-adherent cells were collected, and red 

blood cells lysed. BMDMs were then cultured in α-MEM with 20 ng/ml M-CSF (R & D 

Systems). Glioma conditioned media (GCM) was obtained by culturing KR158-luc glioma 

cells in α-MEM for 72 hr. Media was then removed, centrifuged to remove cells and cell 

debris, and the supernatant applied to BMDM cultures where indicated. 

Flow cytometry 
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KR158-luc cells were seeded in 6 well plates at a density of 0.2 x106 per well and either 

left untreated or treated with 200 µM OXA for 24 hr. Then cells were then collected, 

incubated with a fluorescent PE-conjugated calreticulin antibody (VWR) at a 1:100 

dilution, and analyzed for cell surface calreticulin using a BD LSRFortessa flow cytometer.   

Quantitative real-time polymerase chain reaction (qRT-PCR) of MGMT expression 

To analyze the expression of MGMT mRNA, RNA was isolated from KR158 cell lysates 

using an RNAeasy RNAI Isolation mini kit (Qiagen). Next, cDNA was generated using a 

first strand cDNA synthesis kit (ThermoFisher). Finally, qRT-PCR was performed using 

the Mm01269876_m1 TaqMan MGMT gene expression assay (ThermoFisher) and a 

7900HT PCR machine (ThermoFisher). 

Macrophage cytokine/chemokine profile PCR analysis 

To analyze the expression of macrophage cytokine/chemokine gene expression, RNA was 

isolated from bone marrow-derived monocyte cell lysates using an RNAeasy RNAI 

Isolation mini kit (Qiagen). Next, cDNA was generated using a first strand cDNA synthesis 

kit (ThermoFisher). Finally, qRT-PCR was performed using the macrophage 

cytokine/chemokine profile PCR analysis (Qiagen) according to the manufacturer’s 

directions.  

NP formulation 

Biodegradable PEG-PGA OXA NPs were prepared as previously described (Cabral et 

al.)[261]. Briefly, an aqueous solution of dichloro (1,2-diaminocyclohexane) platinum (II) 

(DACHPt) was prepared by adding DACHPt to a molar equivalent of silver nitrate in 
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distilled water and vortexing/stirring for 24 hr. Next, an aqueous polymeric solution was 

prepared by adding 1.25 mg/ml PGA-PEG (7.5:5.0 kDa, Alamanda Polymers, Huntsville, 

AL) to distilled water and vortexing/stirring for 72 hr. Equal volumes of drug and polymer 

solutions were added together vortexed/stirred for 72 hr. to form OXA-loaded PEG-PGA 

NPs (OXA-NPs). OXA-NPs were then dialyzed against 0.1x PBS at 40C overnight using 

Float-A-Lyzer dialysis tubes (1000 kDa MW cut-off, Spectrum Labs, Rancho Dominguez, 

CA) to separate free OXA from OXA-NPs. 

Physiochemical characterization of NPs and TEM imaging 

Physiochemical characteristics of OXA-NPs were measured in 15× diluted PBS (~10 mM 

NaCl, pH 7.4). Hydrodynamic diameter, polydispersity index (PDI) and ζ-potential 

(surface charge) were analyzed by dynamic light scattering (DLS) and laser Doppler 

anemometry using Zetasizer NanoZS (Malvern Instruments, South Borough, MA). Particle 

size was measured at 250C at a scattering angle of 173 0C and reported as number-average 

mean. OXA-NP stability was analyzed by incubating NPs in 10% FBS as well as in 

artificial cerebrospinal fluid (ACSF, Tocris Bioscience, Minneapolis, MN) at 37 °C and 

measuring hydrodynamic size by DLS at different time points. NPs were imaged using an 

FEI Tecnai T12 transmission electron microscope (TEM, FEI Hillsboro, OR) after staining 

with 0.3% uranyl acetate.  

NP drug loading and release studies  

A known amount of OXA-NPs was placed in Float-A-Lyzer dialysis tubes (3.5 – 5 kDa 

MW cut-off) and dialyzed against PBS on an orbital shaker at 37 °C. At predetermined 

time intervals, 1 ml dialysate was collected, and the same volume was replenished with 
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fresh PBS. All the collected drug release samples, a known amount of NPs for OXA 

loading measurements, and known concentrations of OXA for standard curve generation 

were analyzed on ICP-MS. The drug loading and release percentages were calculated from 

the following equations. 

Drug loading (%) = (weight of drug in NPs × 100) / (weight of NPs) 

Drug release (%) = (amount of drug in dialysate × 100) / (amount of drug in NPs inside 

dialysis tube).  

Surface plasmon resonance (SPR) analysis 

The non-specific binding affinity of the NPs to brain extracellular matrix (ECM) was 

analyzed by SPR using a Biacore 3000 instrument. All the Biacore buffers and materials 

were purchased from GE Healthcare (Marlborough, MA). Mouse brain ECM proteins were 

isolated and conjugated to one of the flow paths of a CM5 Biacore chip as described [262]. 

The other flow path was activated and blocked with ethanolamine to serve as a reference, 

as per manufacturer's protocol. The running buffer was 10 mM HEPES buffer (pH 7.4), 

150 mM NaCl, 0.05% surfactant P-20, and 50 mM EDTA (HBS-P). The OXA-NPs, 

polystyrene (PS) NPs (positive control), and PS-PEG NPs (negative control) were assayed 

at a flow rate of 20 mL/min with an injection time of 3 min followed by a 2.5 min wait for 

dissociation, before chip regeneration with 10 mM glycine (pH 1.75). 

Orthotopic implantation of KR158 glioma cells into C57BL/6 mice and 

bioluminescence imaging 

Animal procedures were approved by the Office of Animal Welfare Assurance (OAWA), 

University of Maryland Institutional Animal Care and Use Committee (IACUC). C57BL/6 
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mice (6-8-week-old; female) were purchased from Jackson Laboratories. Animals were 

anesthetized via a continuous flow of 2-3% isofluorane. KR158-luc or KR158 STAT3-luc 

reporter cells (2 X 106) were implanted into the left frontal lobe through a burr hole drilled 

1 mm anterior to the coronal suture and 2 mm lateral to the sagittal suture using sterile 

technique and a stereotactic frame. Intracranial bioluminescence was monitored using a 

Xenogen IVIS system (Caliper Life Sciences, Hopkinton, MA). Mice were anesthetized 

with 2.5% isofluorane in 100% oxygen at a flow rate of 1 L/min. Mice were injected 

intraperitoneally with D-luciferin (ThermoFisher 150 mg/kg). Ten min after D-luciferin 

injection the animal was moved to an IVIS imaging chamber and photons emitted were 

acquired as photons/s/cm2/steradin. Anesthesia was maintained in the IVIS chamber using 

2% isofluorane. Images were analyzed using Living Image software (PerkinElmer, 

Waltham, MA).  

Intracranial injection of OXA and OXA-NPs  

One week after KR158-luc cell implantation either saline, free OXA in saline, or OXA-

NPs in saline were injected into the same burr hole used to establish tumors (described 

above) using a 30-gauge Hamilton syringe needle. Agents were administered slowly using 

convection-enhanced delivery (CED) at a rate of 1 µl/min. Anesthesia was administered as 

described above.  

NP co-localization by flow cytometry 

Animals were euthanized by isoflurane overdose at 24 hr after OXA-NP injection. Tumor 

tissue was harvested and dissociated using a GentleMACS Tissue Dissociator (Mityenyl 

Biotech). After dissociation, single cell suspensions were fixed and permeabilized using a 
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fixation/permeabilization kit (Ebiosciences), and then stained with an anti-luciferase 

antibody (Abcam) and an anti-CD11b antibody (Biolegend). Live CD11b+ and tumor cells 

were selected by forward/side scatter gating and gating on anti-CD11b+ and anti-luciferase 

+ staining respectively. Cell populations were then analyzed for the presence of fluorescent 

NPs. Flow cytometry was conducted using a BD LSRFortessa (BDBiosciences) and data 

was analyzed using FLowJo software (FlowJo, LLC). 

Normal brain and brain tumor immunophenotyping  

At 72 hr after OXA-NP treatment, non-tumor bearing, OXA-NP treated tumor-bearing, and 

non-treated tumor-bearing mice were euthanized by isoflurane overdose. Brains were 

removed and digested by enzymatic (collagenase, DNAse, and papain) and mechanical 

disruption after which tissue was filtered through a 70 µM filter. Cells were blocked with 

Fc Block and then stained with antibodies including CD45-e450, CD11b-APCef780, Ly6c-

AF700, LY6G-PE-CY7, CD3-APC, Fn14-PE, Beads-FITC, TGF-β-PerCP-efluor 710. 

Intracellular staining was performed by incubating cells for 1 hr in brefeldin A solution 

(0.5mg/mL). Live/dead cell selection was based on a viability zombie dye (Biolegend). 

Data was acquired using an LSRII flow cytometry and analyzed using FlowJo analysis 

software. 

Cytokine/ chemokine multiplex array analysis 

KR158-Luc cells were implanted into the brains of C57BL/6 mice (n=5 per group). One 

week after tumor implantation, tumors were treated with either saline, OXA, or OXA-NPs. 

At 72 hr post-treatment the mice were euthanized by isoflurane overdose and tumor tissue 

was harvest. Lysates were generated using NP-40 lysis buffer and then analyzed using the 
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Mililiplex MAP Mouse Cytokine/Chemokine Magnetic Bead Panel (MCYTMAG-70k-

PX32) (Milipore Sigma), following the manufactures instructions.  

Statistics 

Statistical analysis of the data was conducted using a two-tailed Student’s t-test using 

unequal variance. Flow cytometry data was analyzed by two-way ANOVA. A level of P < 

0.05 was considered statistically significant 
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  Chapter 4: Specific Aim 1 

Define the impact of OXA on glioma cell and glioma-associated macrophage STAT3 

activity.1 

4.1 Introduction and Rationale for Aim 1 

Gliomas are the most common primary central nervous system (CNS) tumors, and 

grade IV glioma (glioblastoma [GBM]) is one of the most deadly and difficult-to-treat 

gliomas. Key features of GBM include cellular and molecular heterogeneity, cell invasion 

into normal brain tissue, and a highly immunosuppressive tumor microenvironment (TME) 

[56,263]. GBM is difficult–to treat in part because many anti-GBM drugs (1) cause major 

toxicities in the brain and/or body at high doses, (2) cannot cross the blood-brain barrier, 

or (3) do not concurrently address complex aspects of the disease pathobiology. Recent 

analyses of pre-clinical and clinical studies strongly suggest that effective GBM treatment 

will require multi-modal therapeutic effects to counteract heterogeneous, often redundant. 

Recently, platinum-based drugs, traditionally considered DNA crosslinking 

chemotherapeutics, have been shown to promote anti-tumor effects independent of 

inducing DNA damage and apoptosis. Interestingly, these ‘alternative’ effects appear to 

occur at lower, less toxic drug concentrations and include inhibition of transcription factors 

such as the signal transducer and activators of transcription (STAT) proteins 

[265,218,266], immunomodulation [267,268], and disruption of ribosome biogenesis 

[71,269,270]. Some of the alternative effects were inferred through clinical observations  

 

1. Portions of this chapter are taken from:  Roberts, N.B., Alqazzaz, A., Qi, X., Keegan, 

A.D., Kim, A.J., Winkles, J.A.., Woodworth G.F. (2018) Oxaliplatin disrupts pathological 

features of glioma cells and associated macrophages independent of apoptosis induction. 

Journal of Neuro-oncology, under revision.  
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 in non-CNS cancers over the past 40 years and are now thought to drive some of the 

remarkable patient responses [70,65,267]. In particular, oxaliplatin (OXA) has been found 

to induce these multi-faceted alternative effects more than the other commonly used 

platinum-based drugs, cisplatin and carboplatin [271,65]. Accordingly, we sought to re-

investigate the potential of lower, less cytotoxic OXA doses for the treatment of GBM 

given the risks associated with toxicity in the CNS. Our approach in this study was to begin 

with in vitro analyses of both glioma cells and glioma conditioned media (GCM)-treated 

bone marrow-derived macrophages (BMDM), a model for tumor-associated macrophages, 

given the abundance and importance of these cell populations in GBM pathobiology 

[97,115,118].  

 

4.2 OXA dose-response experiments using murine glioma cells reveals a sub-cytotoxic 

dose window  

 Recent studies involving non-CNS cancers have suggested that OXA may have 

alternative therapeutic mechanisms including multi-factorial anti-cancer effects caused by 

cellular stress [272,71]. Furthermore, these effects may even occur with drug 

concentrations that are not directly cytotoxic [3,269]. To determine if OXA could exhibit 

similar activities in glioma cells, murine KR158-luc and GL261-luc cells were treated with 

increasing concentrations of OXA for 24 hr. and cell growth and death assays were 

conducted. OXA concentrations up to 200 µM minimally affected glioma cell growth 

(Figure 1A-B). Additionally, OXA concentrations up to 500 µM did not promote cell death 

as monitored by lactate dehydrogenase (LDH) release (Figure 1C-D). To confirm that OXA 

was not inducing glioma cell apoptosis under these treatment conditions, KR158-luc and 
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GL261-luc cells were treated with increasing OXA concentrations, and PARP cleavage 

was monitored by Western blot analysis. PARP cleavage was only detectable at 1 mM 

OXA, the highest dose we tested (Figure 1E-F). To confirm that these concentrations were 

also non-toxic to non-malignant astrocytes, we treated astrocytes with increasing 

concentrations of OXA for 24 hr and measured LDH release. Concentrations less than 600 

µM OXA minimally affected LDH release from astrocytes (Figure 4.2). In consideration 

of these findings, we used an OXA concentration of 200 μM and a treatment period of less 

than 24 hr in our subsequent experiments to probe potential alternative effects of this drug.  
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Figure 4.1: OXA concentrations of less than 200 µM minimally impact glioma cell 

growth and survival in vitro. (A) KR158-luc cells were either left untreated (NT, no 

treatment) or treated with the indicated concentrations of OXA for 24 hr and then cell 

growth was determined using WST-1 reagent. (B) GL261-luc cells were treated as 

described for panel A. (C) KR158-luc cells were treated with the indicated concentrations 

of OXA for 24 hr. and then cell death was determined using an LDH cytotoxicity assay. 

Lysis buffer serves as a positive control and indicates the maximum LDH released, and 

thus 100% cell death. (D) GL261-luc cells were treated as described for panel C. (E) 

KR158-luc cells were treated with the indicated concentrations of OXA. Cell lysates were 

then collected and analyzed for cleaved PARP and GAPDH levels by Western blot. (F) 

GL261-luc cells were treated as described for panel E. The values shown are the mean ± 

SD of three individual experiments. 
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Figure 4.2. Concentrations less than 600 µM result in minimal LDH release from 

astrocytes. Astrocytes were treated with the indicated concentrations of OXA for 24 hr 

and then cell death was determined using an LDH cytotoxicity assay. 
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4.3 OXA treatment of glioma cells modifies cytokine and chemokine expression 

A hallmark of GBM is immunosuppression and cooption of the tumor 

microenvironment [124], which is mediated in large part by  expression of cytokines and 

chemokines by the glioma cells themselves [124]. To determine if OXA treatment of 

glioma cells modulated the expression of cytokines and chemokines, KR158-luc and 

GL261-luc cells were treated with 200 µM of OXA for 9 hr. Cell lysates were collected 

and protein expression changes were analyzed using a cytokine Western blot array. Several 

cytokines and chemokines were either up-regulated or down-regulated in both KR158-luc 

and GL261-luc cells following OXA exposure, including TNFSF13B, CCL3, CFD, 

AREG, HGF, ICAM, Serpinf1, LCN2, CXCL5, IL12, IL10, IL11, IL23, IL28A, and IL33 

(Table 4.1). Proteins whose expression increased or decreased by at least 1.5-fold in both 

KR158 and GL261 cells were input into the STRING protein-protein analysis tool (Figure 

4.3) [273].  
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Table 4.1. OXA treatment modulates cytokine and chemokine expression by glioma 

cells KR158-luc and GL261-luc cells were either left untreated or treated with 200μM 

OXA for 9 hr. Cell lysates were collected and analyzed using the Mouse XL Cytokine 

Antibody Array. Protein expression was compared in untreated, and OXA treated cells by 

densitometry. Proteins which changed at least 1.5-fold after treatment are included in the 

table. Fold change is listed as Log2 (fold change).  
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Figure 4.3: STRING analysis of cytokines and chemokines modulation by OXA 

treatment Proteins listed in table 4.1 were input into String Network Database to generate 

a network map of protein-protein interactions [273].  
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4.4 OXA treatment of glioma cells reduces STAT3 phosphorylation and activity 

Given the considerable importance of STAT3 signaling in glioma biology 

[113,154,117,63], we evaluated the effects of OXA exposure on STAT3 activity. First, we 

performed a dose-response experiment using KR158-luc cells, drug concentrations ranging 

from 25 to 200 µM. Cells were harvested at 9 hr post-drug addition, and pSTAT3 levels 

were examined by Western blot analysis. We found that pSTAT3 levels decreased in a 

dose-responsive manner (Figure 4.4A). To determine the time course of pSTAT3 

reduction, we treated cells with 200 μM OXA for either 3, 6, 9, or 12 hr and blotted for 

pSTAT3. We found that pSTAT3 levels were undetectable by 3 hr of OXA treatment, the 

first-time point examined (Figure 4.4B).  

We next determined if the reduction in pSTAT3 levels required continuous 

exposure to OXA or if the effect would remain after changing the media and thus removing 

the drug. KR158-luc cells were treated with 200 μM of OXA and 3 h. later the media was 

changed. Cells were harvested at 3, 6, 9, and 12 hr post-treatment initiation and analyzed 

for pSTAT3 levels by Western blot. Normal levels of pSTAT3 returned within 3 hr of drug 

removal, suggesting that the continued presence of OXA is necessary to maintain the initial 

reduction in pSTAT3 (Figure 4.4C). OXA treatment of GL261-luc cells also resulted in a 

dose- and time-dependent decrease in pSTAT3 levels that was dependent on the continued 

presence of the drug (Figure 4.5). 
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Figure 4.4: OXA treatment of KR158-luc glioma cells reduces STAT3 

phosphorylation and activity. (A) KR158-luc cells were either left untreated (NT, no 

treatment) or treated with the indicated concentrations of OXA for 9 hrs. cells were 

harvested and lysed, and pSTAT3 and GAPDH levels were analyzed by Western blot. (B) 

KR158-luc cells were treated with 200 µM OXA for the indicated lengths of time. Cell 

lysates were analyzed for pSTAT3, STAT3, and GAPDH levels by Western blot. (C) 

KR158-luc cells were either left untreated or treated with 200 µM OXA for 3 hr. The drug 

was then removed by changing the media, and at the indicated time points cells were 

harvested and lysed, and pSTAT3, STAT3, and GAPDH levels analyzed by Western blot.  
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Figure 4.5: OXA treatment of GL261-luc glioma cells reduces STAT3 

phosphorylation. (A) GL261-luc cells were either left untreated (NT, no treatment) or 

treated with the indicated concentrations of OXA for 9 hr. Cells were harvested and lysed, 

and pSTAT3 and GAPDH levels were analyzed by Western blot. (B) GL216-luc cells were 

treated with 200 µM OXA for the indicated lengths of time. Cell lysates were analyzed for 

pSTAT3, STAT3, and GAPDH levels by Western blot. (C) GL261-luc cells were either 

left untreated or treated with 200 µM OXA for 3 hr. The drug was then removed by 

changing the media, and at the indicated time points cells were harvested and lysed, and 

pSTAT3, STAT3, and GAPDH levels analyzed by Western blot.  
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Many growth factors and cytokines, including IL-6 [274], can increase STAT3 

activity when added to cancer cells in vitro. To determine if the reduction in STAT3 activity 

could be overcome by adding exogenous IL-6, KR158-luc and GL261-luc cells were co-

treated with IL-6 and 200 µM OXA. Cells were harvested at 3, 6, 9 and 12 hr after treatment 

initiation, and then Western blot analysis was performed. We found that OXA was able to 

reduce pSTAT3 levels in both KR158-luc and GL261-luc cells despite the addition of IL-

6 (Figure 4.6).  
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Figure 4.6: IL-6 stimulation of glioma cells does not prevent OXA regulation of 

pSTAT3 levels. (A) IL-6 (20 ng/mL) was added to KR158-luc cells, and then they were 

either left untreated (NT, no treatment) or treated with 200 µM OXA for the indicated 

lengths of time. Cell lysates were analyzed for pSTAT3, STAT3, and GAPDH levels by 

Western blot. (B) GL261-luc cells were treated as described above. Cell lysates were 

analyzed for pSTAT3, STAT3, and GAPDH levels by Western blot. 
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Although STAT3 tyrosine phosphorylation is a commonly used read-out for 

STAT3 transcriptional activity [274], we wanted to confirm that OXA inhibits STAT3 

function using an additional experimental approach. To this end, KR158 cells were 

transfected with a STAT3-luciferase (luc) reporter construct, and a stably-transfected cell 

line was established. We first treated KR158 STAT3-luc reporter cells with increasing 

concentrations of OXA for 9 hr and found that STAT3 activity levels decreased in a dose-

responsive manner (Figure 4.7A). The KR158 STAT3-luc reporter cells were then treated 

with 200 μM of OXA for various lengths of time and luciferase activity was compared to 

that of untreated reporter cells. We found that STAT3 activity was decreased at 3 hr after 

initiation of drug treatment (Figure 4.7B). To confirm that the reduction of STAT3 activity 

was dependent on the continued presence of OXA, KR158 STAT3-luc cells were treated 

with 200 μM of OXA and drug was removed by changing the culture media 3 hr after 

treatment initiation. STAT3 activity initially decreased but by 9 hr (6 hr after drug removal) 

activity began to increase and at 12 hr. STAT3 activity had reached pre-treatment levels 

(Figure 4.7C). Therefore, these results indicate that sustained OXA inhibition of STAT3 

activity in vitro requires continued drug exposure.  

To determine if other platinum compounds or non-platinum-based 

chemotherapeutics could also regulate glioma cell STAT3 activity we treated KR158 

STAT3-luc cells with dichloro (1,2-diaminocyclohexane) platinum (II) (DACHPt), 

cisplatin (CDDP), bis-chloroethylnitrosourea (BCNU), or temozolomide (TMZ). DACHPt 

is a chemically similar precursor of OXA with similar biological properties [275]. Cisplatin 

was the first FDA-approved platinum-based chemotherapeutic but has some notable 

differences in cellular effects compared to OXA [71]. TMZ and BCNU are the two primary 
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FDA-approved chemotherapeutics used clinically for the treatment of GBM. We found that 

DACHPt exposure reduced STAT3 activity to a similar degree as OXA (Figure 4.7D). In 

contrast, STAT3 activity was not affected when cells were treated with either CDDP, TMZ, 

or BCNU. 
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Figure 4.7: OXA treatment of KR158-luc glioma cells reduces STAT3 activity. (A) 
KR158 STAT3-luc reporter cells were either left untreated or treated with the indicated 

concentrations of OXA for 9 hr. Cells were harvested and analyzed for STAT3 activity. 

(B) KR158 STAT3-luc reporter cells were either left untreated or treated with 200 µM 

OXA. Cells were then harvested and analyzed for STAT3 activity (luciferase activity) at 

the indicated time points. The values shown are the mean ± SEM of three individual 

experiments. (C) KR158 STAT3-luc reporter cells were either left untreated or treated with 

200 µM OXA for 3 hr. The drug was then removed by changing the media. Cells were 

harvested and analyzed for STAT3 activity at the indicated time points. The values shown 

are the mean ± SD of three individual experiments. (D) KR158 STAT3-luc reporter cells 

were either left untreated or treated with 200 µM of OXA, dichloro (one, 2-

diaminocyclohexane) platinum (DACHPt), cisplatin (CDDP), bis-chloroethylnitrosourea 

(BCNU), or temozolomide (TMZ) for 9 hr. Cells were then harvested and analyzed for 

STAT3 activity. The values shown are the mean ± SD of three individual experiments. *, 

P <0.05 compared to NT control by Student t test. 
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 The phosphorylation status of three other STAT family members (STAT1, STAT5, 

and STAT6) implicated in glioma biology was then examined for modulation by OXA 

using the same treatment conditions used for Fig. 4.6G (200 µM drug for 9 hr). We found 

that pSTAT1 and pSTAT6 levels, but not pSTAT5 levels, were reduced after drug exposure 

(Figure 4.8).  
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Figure 4.8: OXA treatment of KR158-luc cells reduces pSTAT1 and pSTAT6 levels. 

(A) KR158-luc cells were either left untreated (NT, no treatment) or treated with 200 µM 

OXA for 9 hr. Cell lysates were analyzed for pSTAT1, STAT1 and GAPDH levels by 

Western blot. (B) KR158-luc cells were treated as above, and cell lysates were analyzed 

for pSTAT5, STAT5, and GAPDH levels by Western blot. (C) KR158-luc cells were 

treated as above, and cell lysates were analyzed pSTAT6, STAT6, and GAPDH levels by 

Western blot. 
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4.5 Endoplasmic reticulum stress is required for OXA reduction of pSTAT3 levels 

and initiation of immunogenic cell death in glioma cells 

Recent studies have identified cellular stress, including a disruption of normal 

endoplasmic reticulum (ER) function (termed ER stress), and the ensuing response, as a 

critical mediator of the chemotherapeutic effects of OXA [71,276,277]. Indeed, a high 

degree of ER stress induction has been tied to unique facets of OXA treatment and may 

distinguish this drug from other platinum-based chemotherapeutics [71]. Therefore, to 

determine if protecting cells from ER stress would prevent STAT3 inhibition by OXA, we 

first treated KR158-luc cells with salubrinal (an ER stress inhibitor [278]) OXA, or both 

salubrinal and OXA for 9 hr. Cells were harvested and pSTAT3 levels examined by 

Western blot analysis. We found that OXA did not reduce pSTAT3 levels in the presence 

of salubrinal (Figure 4.9A), suggesting that protecting the cell from ER stress prevents the 

reduction in STAT3 activity by OXA. To confirm that this was the case, we treated cells 

with 4-phenylbutyric acid (4-PBA), which protects cells from ER stress by directly 

reducing misfolded proteins within the ER [279]. Like the results using salubrinal, 

protecting the cell from ER stress using 4-PBA prevents the reduction in pSTAT3 levels 

by OXA (Figure 4.9B).  
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Figure 4.9: Endoplasmic reticulum stress is required for STAT3 inhibition by OXA. 

(A) KR158-luc cells were left untreated or treated with 200 µM OXA, and/or 50 µM 

salubrinal. Cells were harvested, lysed and analyzed for pSTAT3, STAT3, and GAPDH 

levels by Western blot. (B) KR158-luc cells were left untreated or treated with 200 µM 

OXA, and/or 5mM 4-phenylbutyric acid (4-PBA). Cells were harvested, lysed and 

analyzed for pSTAT3, STAT3, and GAPDH protein levels by Western blot. (C) KR158-

luc cells were left untreated or treated as in Panel A above and analyzed for pEIF2α, EIF2α, 

and actin by Western blot.  
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OXA is reported to induce immunogenic cell death (ICD), a form of cell death resulting 

in increased immunogenicity of the dying cell, through ER stress [269,270]. Therefore, we 

also investigated whether OXA treatment of glioma cells could activate pathways 

important for ICD. A crucial early step leading to ICD after OXA treatment is the 

phosphorylation of eukaryotic translation initiation factor 2α (EIF2α) [113]. To evaluate 

EIF2α phosphorylation by OXA, KR158-luc cells were treated with salubrinal, OXA, or 

both salubrinal and OXA for 9 hr. Cells were harvested and pEIF2α levels examined by 

Western blot analysis. Interestingly, we detected increased pEIF2α levels at 9 hrs. of OXA 

treatment, and reduced pEIF2α levels with salubrinal co-treatment (Figure 4.9C). To 

determine the time course of OXA regulation of EIF2α phosphorylation, KR158-luc cells 

were treated with 200 µM of OXA for 3, 6, 9, or 12 hr and analyzed for pEIF2α levels by 

Western blot. We detected increased pEIF2α levels at 9 hr, with highest pEIF2α levels at 

12 hr, the last time point examined (Figure 4.10).  
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Figure 4.10: Effect of OXA treatment on EIF2α phosphorylation in KR158-luc cells. 
KR158-luc cells were treated with 200 µM OXA for the indicated lengths of time. Cells 

were harvested, and lysates were analyzed for pEIF2α, EIF2α, and actin by Western blot. 
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A key requirement for ICD is the pre-apoptotic translocation of the ER chaperone 

calreticulin to the cell surface [280]. Exposure of calreticulin on the cell surface acts as an 

“eat-me” signal for phagocytic cells and is required for ICD to occur [280]. Therefore, to 

confirm OXA regulation of pathways leading to ICD in glioma cells, KR158-luc cells were 

either left untreated or treated with 200 µM OXA for 24 hr and then evaluated for cell 

surface calreticulin expression by flow cytometry. We found that OXA treatment resulted 

in a 49% increase in mean cell calreticulin staining (Figure 4.11).  
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Figure 4.11: Effect of OXA treatment on calreticulin surface expression. (A) KR158-

luc cells were either left untreated (NT, no treatment) or treated with 200 µM OXA for 24 

hr. Cells were then harvested and analyzed for cell surface calreticulin expression by flow 

cytometry. OXA treated mean cell fluorescence was normalized to untreated controls for 

each experiment. The values shown are the mean ± SEM of three individual experiments; 

* P <0.05 compared to NT control by Student t test. (B) Histogram showing calreticulin 

surface expression on unstained control (Red), Untreated cells (blue), and OXA treated 

cells (black).  
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4.6 The tyrosine phosphatase SHP2 also contributes to STAT3 inhibition by OXA 

 We next investigated whether other mechanisms besides ER stress could play a role 

in OXA-mediated STAT3 inhibition in glioma cells. In general, JAK/STAT signaling 

involves binding of an extracellular ligand to a cytokine receptor, which recruits and 

phosphorylates (activates) JAK proteins. Phosphorylated JAK proteins recruit and 

phosphorylate STAT proteins, triggering STAT transcriptional activity [281]. JAK2 is a 

significant tyrosine kinase involved in STAT3 activation in GBM. We therefore first 

analyzed STAT3 activity in vitro after treatment with the JAK2 inhibitor, WP1066, to 

determine if the STAT3 activity in this cell line was driven by JAK2 signaling. We found 

that WP1066 reduced STAT3 activity, indicating that STAT3 overactivity in KR158-luc 

cells is mediated at least in part by JAK2 signaling (Figure 4.12).  
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Figure 4.12: JAK2 inhibition reduces STAT3 activity in KR158 cells.  KR158 STAT3-

luc reporter cells were either left untreated (NT, no treatment) or treated with 5µM of the 

JAK2 inhibitor WP1066 for 9 hr. Cells were harvested and STAT3 activity was measured 

by luciferase assay. * P <0.05 compared to NT control by Student t test. 

  



82 
 

We then determined whether OXA could reduce JAK2 phosphorylation, the 

primary JAK implicated in STAT3 activation in glioma cells [154]. KR158-luc cells were 

treated with 200 μM OXA for 9 hr and analyzed for pJAK2 levels by Western blot. We did 

not detect changes in pJAK2 levels after OXA treatment (Figure 4.13). 
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Figure 4.13: OXA treatment of KR158-luc cells does not reduce pJAK2 levels. KR158-

luc cells were either left untreated (NT, no treatment) or treated with 200 µM OXA for 9 

hr. Cells were harvested, lysed and analyzed for pJAK2, pSTAT3, and GAPDH levels by 

Western blot.  
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 JAK/STAT activity may be inhibited by several protein modulators including 

suppressors of cytokine signaling (SOCS), tyrosine phosphatases, and protein inhibitor of 

activated STAT (PIAS) [282]. To determine the potential involvement of STAT3 

phosphatases in mediating the OXA effect, we treated cells with the tyrosine phosphatase 

inhibitor orthovanadate [283] OXA, or both orthovanadate and OXA. The addition of 

orthovanadate protected KR158-luc cells from OXA-mediated pSTAT3 reduction (Figure 

4.14A). This suggests the involvement of a tyrosine phosphatase in mediating the effects 

of OXA. 

 SHP2 is a ubiquitously expressed tyrosine phosphatase that acts on several STATs 

including STAT3 [284]. SHP2 levels are decreased in glioma [285], and SHP2 activity 

may be linked to the ER stress response [286]. There is also evidence that SHP2 activity is 

enhanced by platinum-based chemotherapeutics [287]. Therefore, SHP2 was a strong 

candidate for investigation. First, to evaluate the possible involvement of SHP2 in 

mediating OXA regulation of STAT3 activity, we used the pharmacological SHP1/SHP2 

inhibitor NSC87877 [288]. Addition of NSC87877 prevented the reduction of pSTAT3 

levels by OXA (Figure 4.14B). To confirm that SHP2 activity was involved in the observed 

reduction in STAT3 activity, we used RNA interference to decrease SHP2 levels in 

KR158-luc cells. KR158-luc cells were either left untreated or treated with either a 

scrambled siRNA or two different SHP2-specific siRNAs and 72 hr later OXA was added 

to the cells. The scrambled siRNA control did not reduce SHP2 protein levels and did not 

prevent the reduction in pSTAT3 levels by OXA exposure (Figure 4.14C). In contrast, 

SHP2 siRNA treatment limted the reduction of pSTAT3 protein levels by OXA. Analysis 

of band densitometry revealed the KR158-luc cells treated with SHP2 siRNA and OXA 
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had a significantly higher pSTAT3/STAT3 ratio compared to cells treated with scrambled 

siRNA and OXA. However, the pSTAT3/STAT3 ratio was still less than cells treated with 

SHP2 siRNA alone (Figure 4.14d). These data suggest that SHP2 is also involved in OXA 

regulation of STAT3 activity in glioma cells.  
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Figure 4.14: SHP2 activity is involved in STAT3 inhibition by OXA. (A) KR158-luc 

cells were either left untreated or treated with 10 µM sodium orthovanadate, 200 µM OXA, 

or sodium orthovanadate plus OXA. Cells were harvested, lysed and analyzed for pSTAT3, 

STAT3, and GAPDH by Western blot. (B) KR158-luc cells were either left untreated or 

treated with 10 µM NSC8787, 200 µM OXA, or NSC8787 plus 200 µM OXA and analyzed 

for pSTAT3, STAT3, and GAPDH levels by Western blot. (C) KR158-luc cells were 

treated either with transfection reagent alone (No SiRNA) or transfected with the indicated 

non-silencing siRNA (Ctrl SiRNA) or SHP2-specific siRNAs. Three days later the cells 

were treated with 200 µM OXA for 9 hr. Cells were harvested, lysed and analyzed for 

SHP2, pSTAT3, STAT3, and GAPDH levels by Western blot. (D) Western blot 

densitometry from bands in panel c was determined using Image-lab software. * P <0.05 

compared to NT control by Student t test. 
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4.7 OXA treatment may alter SHP2 activity in an ER stress dependent mechanism 

To directly assess the interaction of OXA, SHP2, and ER stress, KR158-luc cells 

were treated with either 200 µM OXA or 200 µM OXA and Salubrinal. SHP2 protein was 

then immunoprecipitated and phosphatase activity was analyzed. OXA treatment increased 

SHP2 activity, but the addition of Salubrinal, which protects cells from ER stress, reduced 

the activity of SHP2 compared to that of cells treated with OXA alone (Figure 4.15A). To 

confirm that each sample used for the phosphatase assay contained equal levels of 

immunoprecipitated SHP2, we analyzed immunoprecipitated SHP2 protein levels by 

Western blot (Figure 4.15B). 
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Figure 4.15: SHP2 activity may be modulated by ER stress (A) KR158-luc cells were 

either left untreated (NT, Not Treated) or treated with 200uM OXA or 200 µM OXA + 

Salubrinal for 9 hr. Lysates were collected, and SHP2 protein was immunoprecipitated. 

Immunoprecipitated SHP2 was then incubated with the SHP2 substrate (Dadey(po3) 

lipqqg) for 30 min, and then phosphatase activity was measured by a malachite green 

phosphatase assay kit. SHP2 activity was normalized to untreated controls (NT, Not 

Treated). (B) Immunoprecipitated SHP2 was analyzed by Western blot to confirm equal 

protein levels in each sample. * P <0.05 compared to NT control by Student t test. 
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4.8 OXA treatment induces multi-faceted therapeutic effects by modulating the 

expression of multiple proteins involved in GBM pathobiology 

OXA has been reported to exert multi-faceted effects on cancer cells including 

inhibition of cell invasion, immunomodulation, modulation of cell sensitivity to the 

chemotherapeutic TMZ, as well as angiogenesis [65,69,70,218]. We therefore analyzed 

select alternative effects of OXA that were either reported to be modulated in other cancers, 

or that we hypothesized to be modulated by OXA in glioma cells with the same treatment 

conditions that modulated both pSTAT3 and pEIF2α expression (Figure 4.16A-B). GBM 

therapy is complicated by the highly invasive nature of glioma cells, which generally leads 

to tumor recurrence after primary tumor surgical resection. Platinum-based 

chemotherapeutics have been shown to alter tumor cell invasion and matrix 

metalloproteinases (MMPs) [289]. Therefore, we determined if OXA treatment altered the 

expression of MMP2 and MMP9 by Western blot analysis. Treatment with 200 µM OXA 

for 9 hr reduced the expression of both MMPs (Figure 4.16C).  

One mechanism that GBM uses to limit anti-tumor immune responses is the 

expression of the immunosuppressive surface ligands programed cell death ligands 1 and 

2 (PD-L1 and PD-L2). Furthermore, platinum-based chemotherapeutics have been shown 

to reduce the expression of PD-L1 and PD-L2 [218,70]. OXA has also been shown to act 

synergistically with PD-L1 inhibitors [290]. We, therefore, analyzed the potential for OXA 

to modulate these cell surface ligands involved in suppressing anti-glioma immunity. OXA 

treatment reduced PD-L1 expression but not PD-L2 expression in KR158-luc cells (Figure 

4.16D). 
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We also investigated whether OXA altered the expression of the DNA repair 

enzyme 0-6-methylguanine methyltransferase (MGMT) or the transcription factor 

hypoxia-inducible factor 1-alpha (HIF1α). MGMT is the primary protein responsible for 

glioma cell resistance to the first line chemotherapeutic TMZ [291] and HIF1α has diverse 

pro-cancer functions including a major role in tumor angiogenesis [292]. We found that 

OXA treatment of KR158-luc cells reduced both MGMT and HIF1α expression (Figure 

4.16 E-F).   
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Figure 4.16: Multi-modal anti-glioma effects of OXA. KR158-luc cells were either left 

untreated (NT, no treatment) or treated with 200 µM OXA for 9 hr and analyzed by 

Western blot using the antibodies listed on the left side of each panel.  
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4.9 OXA Treatment Reduces MGMT Gene Expression 

Our data indicating that OXA reduced MGMT protein expression levels (Fig 4.16) 

motivated more in-depth analysis of the effect of OXA on MGMT gene expression. 

Successful treatment of GBM with the standard of care chemotherapeutic, TMZ, is 

significantly hampered in many patients by expression of the enzyme MGMT. Indeed, as 

many as 60% of GBM patients harbor tumors that express MGMT, which confers 

resistance to TMZ by removing guanine methylations, thereby negating the therapeutic 

action [21]. MGMT enzyme activity is the major mechanism of TMZ resistance and the 

primary reason for TMZ treatment failure in GBM [293]. To overcome MGMT-mediated 

TMZ resistance new strategies must be developed to inhibit MGMT activity. Reinforcing 

this need is the realization that MGMT expression can change at tumor recurrence, 

frequently from MGMT non-expressing to MGMT expressing tumors, highlighting the 

need for MGMT inhibition even in patients who are TMZ sensitive at initial diagnosis 

[294]. Inhibition of MGMT at the level of mRNA expression may be a promising strategy 

to overcome this resistance mechanism.  

We, therefore, analyzed MGMT mRNA expression by quantitative real time PCR 

(qRT-PCR). KR158-luc cells were treated with 200 µM OXA for 9 hr, RNA was isolated 

and qRT-PCR performed. We found that OXA treatment reduced MGMT mRNA 

expression whereas TMZ did not (Figure 4.17A). Furthermore, in consideration of previous 

findings showing MGMT modulation by ER stress [295], we investigated the involvement 

of ER stress in the reduction of MGMT mRNA expression by OXA. KR158-luc cells were 

either left untreated, treated with 200 µM OXA, or 200 µM OXA + 50 µM salubrinal. We 
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found that the protecting KR148-luc cells from ER stress through salubrinal treatment not 

only prevented OXA from reducing MGMT mRNA expression but increased mRNA 

expression (Figure 4.17B). A summary of the multi-modal anti-glioma effects of OXA can 

be seen in figure 4.18.  
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Figure 4.17: OXA reduces MGMT mRNA expression via an ER stress-dependent 

mechanism. (A) KR158-luc cells were either left untreated (NT, no treatment), treated 

with 200 µM OXA or 200 µM TMZ for 9 hr. Cell lysates were then collected, RNA was 

isolated, cDNA generated, and qRT-PCR was performed for MGMT and GAPDH mRNA 

expression. Data was normalized to GAPDH expression, and MGMT expression was 

compared to the untreated control. Values shown are the mean ± SD of three individual 

experiments. *, P <0.05 compared to NT control by Student t test.  (B) KR158-luc cells 

were either left untreated (NT, no treatment), treated with 200 µM OXA, with 50 µM 

salubrinal, or with 200 µM OXA and 50 µM salubrinal for 9 hr. Cell lysates were then 

collected, RNA was isolated, cDNA generated, and qRT-PCR was performed for MGMT 

and GAPDH mRNA expression. Data was normalized to GAPDH expression, and MGMT 

expression was compared to the untreated control. Values shown are the mean ± SD of 

three individual experiments. * P <0.05, Student t test. 
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Figure 4.18: Summary of multi-modal anti-glioma effects of OXA. Non-cytotoxic OXA 

dose can induce ICD in glioma cells and down-regulate the expression of various proteins 

involved in key facets of glioma biology, including STAT signaling, immunosuppression, 

invasion, angiogenesis, and therapeutic resistance 
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4.10 GCM treatment of BMDMs increases pSTAT3 and Arginase-1 levels and OXA 

treatment inhibits this cellular response 

A significant portion of the GBM tumor mass is composed of infiltrating non-

neoplastic cells. Infiltrating macrophages and the brain resident macrophage – microglia - 

are the primary non-neoplastic cells in glioma tumors and these two myeloid cell 

populations compose as much as 40% of the tumor mass [97] [115,118]. Factors released 

by glioma cells recruit and alter the phenotype and function of these myeloid cells, resulting 

in their polarization to a tumor supporting, pro-tumorigenic state [97,115,63,116-118]. A 

major transcription factor controlling the co-option of tumor infiltrating myeloid cells is 

STAT3. Just as STAT3 dictates many tumor-supporting functions in the glioma cells, 

STAT3 also controls and co-opts glioma-associated macrophages, driving them to a tumor-

supporting phenotype [129,296]. Co-opted, tumor-supporting myeloid cells in turn 

promote many pro-tumorigenic activities by supporting tumor invasion, growth, 

angiogenesis, therapeutic resistance, and immunosuppression [97,115,63,116-118].  

To investigate the impact of OXA on glioma-associated macrophages we first 

established the effect of the KR158-luc secreteome on macrophage STAT3 

phosphorylation and macrophage polarity in vitro. Bone marrow-derived macrophages 

(BMDMs) were obtained from the femurs of C57BL/6 mice (in collaboration with Dr. 

Achsah Keegan's lab). Glioma conditioned media (GCM) was derived from KR158-luc 

glioma cells cultured in DMEM media for 72 hr. Cultured macrophages were then either 

left untreated or treated with IFNγ plus LPS (to promote M1/anti-tumorigenic phenotype), 
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IL-4 (to promote M2/pro-tumorigenic phenotype), or KR158-luc GCM for 72 hr. Cells 

were harvested and lysates analyzed for markers of macrophage polarization by Western 

blot. We found that exposure of undifferentiated macrophages to KR158-luc GCM resulted 

in increased expression of the pro-tumorigenic markers arginase-1 and Ym-1 (Figure 4.19). 

We also analyzed the expression of pSTAT3 and pSTAT6, two STATs known to drive 

macrophage polarization to an M2/tumor-supporting phenotype. We found that exposure 

of undifferentiated monocytes exposed to GCM increased expression of pSTAT3 but not 

pSTAT6.  
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Figure 4.19: KR158-luc Glioma Conditioned Media (GCM) polarizes macrophages to 

a pro-tumor phenotype and increases STAT3 phosphorylation. Bone marrow-derived 

Macrophages (BMDMs) were harvested from C57BL/6 mice. Undifferentiated BMDMs 

were then either left untreated (NT, Not Treated), or treated with LPS + IFNγ (M1 Control), 

IL-4 (M2 Control), or KR158-luc GCM for 72 hr. Lysates were analyzed for CD86, Arg-

1, Ym-1, pSTAT3, pSTAT6, and GAPDH levels by Western blot. This experiment was 

done in collaboration the lab of Dr. Achsah Keegan at the University of Maryland School 

of Medicine. 
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In consideration of our evidence that OXA reduces STAT3 activity in glioma cells, 

and reports that STAT signaling drives much of glioma-associated myeloid cell 

polarization to a tumor-supporting phenotype [162,150,178], we sought to determine the 

impact of OXA on macrophage STAT3 activity and polarization after GCM exposure. 

STAT3 activity in glioma-associated macrophages has emerged as a significant target of 

GBM therapy [113,112,114]. Undifferentiated macrophages were first polarized to an 

M2/tumor-supporting phenotype through GCM exposure as described above. The 

macrophages were either left untreated or treated with 200 µM OXA for 9 hr, after which 

cell lysates were analyzed for pSTAT3 expression by Western blot. We found that 

treatment of GCM-exposed macrophages to 200 µM OXA reduced pSTAT3 levels, but did 

not alter underlying total STAT3 protein levels, suggesting STAT3 inhibition (Figure 

4.20A). We next analyzed the expression of markers of macrophage polarization in GCM-

exposed monocytes treated with 200 µM OXA. We found that OXA treatment reduced the 

expression of the tumor-supporting marker arginase-1 but did not alter the expression of 

the anti-tumor phenotypic marker iNOS relative to either untreated macrophages or 

macrophages exposed to GCM alone (Figure 4.20B).  
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Figure 4.20: OXA treatment of glioma conditioned media-exposed BMDMs reduces 

pSTAT3 levels and Arg1 expression. (a) BMDMs were then either left untreated (NT, no 

treatment) or treated with LPS + IFNγ (M1/anti-tumor phenotype control), IL-4 (M2/pro-

tumor phenotype control), or KR158-luc GCM for 72 hr. Cells were harvested and 

analyzed for CD86, Arg-1, Ym-1, pSTAT3, pSTAT6, and GAPDH levels by Western blot. 

(b) BMDMs were either left untreated (NT, no treatment), treated with KR158-luc GCM 

for 72 hr, or treated with KR158-luc GCM for 72 hr and then 200 µM OXA for 9 hr. Cells 

were harvested and pSTAT3, STAT3, and GAPDH levels analyzed by Western blot. (c) 

BMDMs were either left untreated (NT, no treatment) or treated as in panel b, cell lysates 

were prepared, and, CD86, Arg-1, and GAPDH levels analyzed by Western blot. 
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We next assessed expression of the pro-tumor phenotypic marker CD206 by flow 

cytometry. BMDMs were either left untreated, exposed to GCM for 72 hr, or exposed to 

GCM for 72 hr and then treated with 200 µM OXA for 9 hr. Exposure to GCM increased 

CD206 expression. However, following treatment with OXA, CD206 expression 

decreased, suggesting a shift away from a pro-tumor phenotype (Figure 4.21). 
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Figure 4.21: GCM increases expression of CD206, while OXO reduces GCM-induced 

CD206 expression. Bone marrow-derived Macrophages (BMDMs) were harvested from 

C57BL/6 mice. Undifferentiated BMDMs were then either left untreated (NT, Not 

Treated), treated with KR158-luc GCM for 72 hr or treated with KR158-luc GCM for 72 

hr and then 200 uM OXA for 9 hr. Cells were harvested and analyzed by flow cytometry 

(A) Mean Fluorescent Intensity (MFI) of CD206 expression of untreated (NT, Not 

Treated), GCM treated, and GCM + 200 µM OXA treated cells. (B) Histogram of CD206 

expression. NT (Orange), GCM (Red), GCM + 200 µM OXA (Blue). * P <0.05 compared 

to NT control by Student t test.  
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4.11 OXA alters the cytokine expression profile of GCM-exposed BMDMs 

We next investigated changes in the cytokine/chemokine expression profile of 

GCM-treated BMDMs following treatment with 200 µM OXA. BMDMs were harvested 

as described above and exposed to GCM for 72 hr. GCM-exposed monocytes were then 

either left untreated or treated with 200 µM OXA for 9 hr, after which lysates were 

prepared, and cytokine expression was analyzed using a mouse cytokine/chemokine cancer 

inflammation PCR-based array. We found broad changes in cytokine expression after OXA 

treatment. Noticeably, cytokines including IL-1, IL-15, and Ccl4 which are associated 

with a pro-inflammatory state were increased after OXA treatment, while cytokines 

including IL-10, IL-13, and IL-17, which are associated with the anti-inflammatory state 

were decreased (Figure 4.22).  Our results regarding the effect of OXA treatment on murine 

glioma cells and GCM-exposed murine BMDMs are summarized in Fig. 4.23. 
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Figure 4.22: OXA treatment alters the cytokine/chemokine expression profile of 

GCM-exposed bone marrow-derived macrophages. Bone marrow-derived 

macrophages (BMDMs) were harvested from C57BL/6 mice. Undifferentiated BMDMs 

were then either left untreated (NT, Not Treated), treated with KR158-luc glioma 

conditioned media (GCM) for 72 hr, or treated with KR158-luc GCM for 72 hrs and then 

200 µM OXA for 9 hr. Total RNA was then isolated and cDNA generated. Changes in 

cytokine and chemokine expression after OXA treatment was then determined using a 

mouse cancer inflammation and immunity crosstalk PCR array. 
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Figure 4.23: Summary of OXA effects against glioma cells and GAMs. 

In glioma cells, OXA treatment inhibited STAT3 activity, induced ICD pathways including 

increased cell surface exposure of calreticulin (CALR), and downregulated MGMT 

expression. In glioma conditioned media-exposed macrophages, OXA treatment reduced 

pSTAT3 levels and expression of arginase-1, a phenotypic marker of a pro-tumor 

macrophage. 
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4.12 Aim 1 Conclusions  

In this Aim, we investigated the impact of OXA on STAT3 activation in glioma cells 

and glioma-associated macrophages. In glioma cells, we found that OXA induces ER 

stress- and SHP2-dependent inhibition of STAT3. Importantly, these effects occurred at 

drug concentrations well below those required for direct cytotoxicity, as evidenced by the 

lack of PARP cleavage, an apoptosis-associated event. Protection from ER stress through 

inhibition of EIF2α or with the chemical chaperone 4-PBA reduced OXA-mediated STAT3 

inhibition suggesting an essential link between ER stress and STAT3 signaling. We also 

found that pharmacological inhibition or siRNA-mediated depletion of the tyrosine 

phosphatase SHP2 limited STAT3 inhibition by OXA, indicating a multi-faceted 

mechanism of STAT3 inhibition in glioma cells. Tyrosine phosphatase assays suggest that 

OXA may alter SHP2 activity though ER stress. These OXA-mediated STAT3 effects were 

found to be dependent on the continued presence of OXA and occurred in a dose-

responsive manner. Prolonged OXA treatment also resulted in evidence of immunogenic 

cell death (i.e., elevated calreticulin levels), suggesting important downstream 

consequences of these effects.  Interestingly, we found that OXA also reduced pSTAT3 

levels in GCM-exposed BMDMs and altered the expression of the enzyme arginase-1 in 

these cells, suggesting a shift in functional polarization toward an anti-tumor state. Taken 

together, these findings reveal intriguing multi-faceted therapeutic potential of OXA in the 

treatment of gliomas in this dosing context. The results of this study reveal potentially 

valuable dose-tunable, multi-faceted therapeutic effects of OXA against both glioma cells 

and glioma-associated macrophages. 
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The intriguing link between STAT3 inhibition and OXA induced ER stress 

identified here is supported by evidence that ER stress is sufficient to inhibit STAT3 [297]. 

Moreover, immunogenic cell death is associated with ER stress, leading to anti-tumor 

immune responses [271]. It is possible that recently reported OXA effects on ribosomal 

biogenesis may also originate from ER stress induction, as the cellular response to ER 

stress leads to a variety of downstream effects including disruption of translation [298]. 

We also found that the phosphatase SHP2 is involved in OXA-mediated STAT3 inhibition. 

A previous study reported that platinum-based chemotherapeutics might modulate the 

function of SHP2 [287]. Interestingly, there is emerging evidence that SHP2 and ER stress 

may be interconnected in neuroblastoma cells [299]; however, it is currently unclear how 

ER stress and SHP2 interact in GBM, although our data suggests SHP2 activity may be 

downstream of ER stress. It is possible that the return of STAT3 activity following OXA 

removal correlates with reduced ER stress and a return to ER homeostasis. Our results also 

suggest that OXA alters the function of multiple STATs including phosphorylation of 

STAT1 and STAT6. Intriguingly, SHP2 modulation may represent a previously 

undescribed therapeutic approach to STAT3 inhibition. Current strategies for STAT3 

inhibition, including numerous therapeutics that have reached clinical testing, have focused 

on either modulating kinases upstream of STAT3 (e.g., JAK) [264,183] or disrupting 

STAT3 dimerization or DNA binding through direct interaction with the STAT3 protein 

[179,161]. Modulation of SHP2 may be a more direct mechanism of STAT3 inhibition 

compared to upstream kinase inhibitors and may offer the potential advantage of disrupting 

the activity of multiple STATs known to support tumor function. A summary of our 

findings and a proposed model is shown in Figure 4.24. 
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Figure 4.24: Proposed model of ER stress- and SHP2- dependent impact of OXA on 

glioma cells. (A) Sub-cytotoxic concentrations of OXA inhibit STAT3 phosphorylation 

and transcriptional activity in a SHP2- and ER stress-dependent manner. (B) Prolonged 

exposure of glioma cells to OXA leads to translocation of calreticulin to the cell surface, 

which is a vital component of the process leading to immunogenic cell death (ICD). (C) 

EIF2α modulates protein translation following ER stress and may, therefore, link the 

induction of ER stress by OXA to translational disruption following OXA treatment. (D) 

It is currently unclear how ER stress and SHP2 interact in glioma cells.  
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The observed effects of OXA related to STAT3, ER stress, and immunogenic cell 

death have significant therapeutic implications, particularly in the case of GBM. GBM is 

notoriously treatment-resistant, universally progressing through established and 

experimental therapies. The disease progression occurs in large part unabated due to 

expansive intra-tumoral heterogeneity and evasion of anti-tumor immune responses, which 

render ineffective single agent therapies and keep at bay one of the most sophisticated 

killers of diverse foreign entities in the human body –the immune system [264,263].  This 

dire situation has led many to propose rational combination treatment strategies aimed at 

central drivers of GBM pathobiology [264,65,300,301]. Key features of the GBM 

microenvironment include activation of STAT3 and altered cellular metabolism and 

proteostasis [300,302,115]. STAT3 actively contributes to immune evasion, angiogenesis, 

brain invasion, and stem cell-like components found in these tumors [113,154,117,63].  

In consideration of our findings that OXA inhibits STAT3 signaling in glioma cells, 

we investigated the impact of OXA on GCM-exposed BMDMs. We first determined that 

exposure of BMDMs to KR158-luc GCM polarizes the monocytes to a tumor-supporting 

phenotype as indicated by increased expression of arginase-1. We also found that exposure 

of BMDMs to GCM increased pSTAT3 levels, but not pSTAT6 levels, suggesting that 

factors secreted by KR158 cells are capable of activating STAT3 in macrophages. 

Although we have not directly examined if monocyte polarization to an M2/tumor-

supporting phenotype by GCM is driven by STAT3, there have been numerous other 

reports of STAT3 driving this polarization [63,64,129].  

Interestingly, we found that treatment of GCM-exposed BMDMs to OXA reduced 

expression of the M2/pro-tumorigenic marker, arginase-1, but did not increase the M1/anti-
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tumorigenic marker CD86, despite evidence of STAT3 inhibition as determined by 

Western blot. Other groups have reported a similar phenomenon with CSF-1R inhibitors, 

suggesting that in vitro modulation of macrophage polarization often may reduce markers 

of the anti-tumor phenotype, but not increase pro-tumor markers [59,303]. This may 

suggest that STAT3 inhibition alone shifts the polarization of macrophages away from a 

pro-tumorigenic state but isn’t sufficient to drive the monocytes to an anti-tumor 

phenotype.  

The major hurdle limiting the successful use of platinum-based chemotherapeutics 

for glioma therapy is thought to be dose-limiting toxicities and minimal delivery into the 

CNS due to the blood-brain barrier [203]. Numerous efforts are underway to generate less-

toxic “protected” platinum drug formulations such as Lipoplatin (liposomal cisplatin) for 

use against CNS and other tumors [241]. Despite this work and some promising results 

observed in clinical trials, numerous prior efforts to apply platinum-based 

chemotherapeutics for glioma therapy have been disappointing [197-200]. New findings in 

this Aim and other work [265,218,71] related to the potential therapeutic effects of OXA 

at lower less toxic doses suggest that a major consideration in re-formulations of OXA 

should be maximizing the potential for multi-faceted alternative effects, rather than 

maximizing cytotoxic drug concentrations in tumor tissues.  

It is increasingly recognized that effective treatment of GBM will require multi-modal 

or combination strategies that concurrently counteract numerous aspects of the disease 

biology and TME. The two most abundant cells types in the TME are glioma cells and 

macrophages/microglia [97,115,118]. For this reason, we focused on models of these cells 

in this Aim.  Our findings suggest that OXA may act at critical nodes of GBM pathobiology 
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through induction of ER stress, leading to disruption of STAT3 activity, reduction of the 

DNA repair enzyme MGMT, by enhancing the immunogenicity of GBM through ICD, and 

through modulation of immunoregulatory proteins and cytokines such as PD-L1 and IL-

15. While OXA has been shown previously to induce ER stress leading to ICD [271], this 

study links OXA-induced ER stress to the inhibition of STAT3 and downregulation of 

MGMT, highlighting additional and important alternative effects of OXA. Although 

STAT3 inhibition in glioma cells has been shown to post-transcriptionally down-regulate 

MGMT expression [152], we found OXA reduces MGMT mRNA expression, revealing 

that OXA may not only reduce MGMT independent of STAT3 but may also be 

therapeutically valuable as an MGMT inhibitor.  

While this Aim uncovered new, potentially valuable anti-glioma effects of OXA, there 

are some notable limitations. First, the two mouse glioma cell lines used here, GL261 (a 

chemically induced cancer line) and KR158 (derived from NF1 and p53 conditional 

knockout mice), have been characterized extensively and used in numerous pre-clinical 

GBM studies [301,304,305]; however, they are not human glioma cells. Second, while 

GCM-exposed BMDMs are frequently used as a model for tumor-associated macrophages 

[306,307], the broad and complex population of macrophages in human tumors is not 

adequately represented by this simplified model. Lastly, the full extent of the potentially 

positive and negative effects of OXA was not investigated here. Additional studies 

exploring transcriptomic and proteomic alterations in vivo, as well as other potential 

mechanisms of these and other alternative OXA effects, would be valuable. Ongoing and 

future drug re-purposing efforts aimed at new clinical applications of platinum-based drugs 
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will likely benefit from considering strategies that harness the therapeutic potential of both 

alternative and direct cytotoxic effects.   
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Chapter 5: Specific Aim 2 

Evaluate OXA-NPs as a biomaterial inhibitor of STAT3 in a murine model of glioma.  

 

5.1 Introduction and Rationale for Aim 2  

The platinum-based chemotherapeutics cisplatin, carboplatin, and OXA are some 

of the most widely used chemotherapeutics in oncology and are used to treat many non-

CNS cancers [267,308]. Traditionally, these compounds are thought of as DNA damaging 

agents. Recently, this simplistic view has come under scrutiny as the complex actions of 

these compounds have been realized, in part due to repeated clinical observations of 

secondary therapeutic activities unrelated to DNA damage [71,269,218]. Recent reports 

suggest that platinum-based chemotherapeutics, and particularly OXA, induce cellular 

bioenergetics stress with significant downstream effects on cancer pathobiology, even 

when administered at reduced, less toxic doses [309,310,71]. Although the full extent and 

mechanisms by which these compounds impact tumor biology remains unclear, recent 

evidence suggests diverse alternative effects including potent modulation of cytokines 

[311,312], transcription factors [218], and tumor-based immunosuppressive mechanisms 

[310].  We have recently found that OXA inhibits signal transducer and activator of 

transcription (STAT) 3 as a component a multi-faceted therapeutic effect in glioma cells, 

but in a manner dependent on continuous exposure to the drug (See Chapter 4). 

The alternative effects of OXA may have strong unrealized therapeutic potential, 

especially for the treatment of GBM [313]. GBM is notoriously treatment-resistant and is 

believed now to require multi-modal therapeutic effects to counteract the complex, 

heterogeneous, and unstable pathobiology. GBM may be particularly susceptible to the 
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alternative therapeutic actions of OXA due to frequent over activation of transcription 

factors which may be disrupted by OXA including STAT family members [113], which 

contribute to tumor-mediated immunosuppression [314], as well as marked sensitivity to 

disrupted proteostasis and cellular stress [300]. Moreover, reports suggesting that 

alternative effects may occur at lower doses encourage adaptation for GBM therapy 

considering the CNS toxicity of many chemotherapeutics at high doses [265,218,71,315]. 

Diverse reprogramming of cancer biology through modulation of STAT proteins 

may prove to be the most significant secondary effect of OXA. STAT3 signaling is 

constitutively active in many gliomas and dictates diverse aspects of glioma biology 

including angiogenesis, invasion, and immunosuppression [188,316,187,117,129]. STAT3 

also controls and co-opts glioma-infiltrating macrophages [129,296]. Macrophages and 

microglia are the primary non-neoplastic cells in glioma tumors and compose as much as 

40% of the glioma tumor mass [97] [115,118]. Factors released by glioma cells activate 

STAT3 signaling in infiltrating macrophages, resulting in their polarization to a tumor 

supporting phenotype [97,115,63,116-118]. The inhibition of STAT3 alone is reported to 

eradicate GBM tumors in some pre-clinical models, in part by repolarizing glioma-

associated macrophages to an anti-tumorigenic phenotype [63,116]. Consequently, STAT3 

has emerged as a significant target of GBM therapy [113,112,114]. Our data suggest that 

OXA modulates STAT3, a transcription factor at the core of GBM pathobiology as part of 

a multi-faceted anti-tumor effect (See Chapter 4). 

Although platinum-based chemotherapeutics have been investigated for CNS 

tumors, systemic and direct neuronal toxicity at high doses has thus far limited their use 

[317-319,71]. The success in non-CNS cancers and an improved understanding of 
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platinum-based chemotherapeutics have pioneered a renewed interest in applying these 

chemotherapeutics for CNS tumors. OXA alternative effects may be achieved at less toxic 

doses or with formulations that minimize adverse toxicity, which has historically limited 

the use of many therapeutics, including platinum-based chemotherapeutics in the brain 

[320,65,321]. An improved understanding of the alternative therapeutic mechanisms of 

OXA, and treatment strategies needed to capitalize on these effects fully, may lead to a 

repurposing of this potent chemotherapeutic for GBM treatment. Facilitating the possible 

adaptation of these compounds in the CNS are new therapeutic delivery strategies such as 

liposomal and polymeric nanoparticle (NP) formulations, which improve drug delivery to 

tumor cells, provide a sustained release of chemotherapeutic at the target site, and 

significantly reduce toxicity [232,322-324,249,325]. New delivery strategies may finally 

enable the use of this family of chemotherapeutics for CNS tumor treatment. Furthermore, 

an improved understanding of the secondary effects of platinum-based chemotherapeutics, 

such as STAT3 inhibition which may drive much of the clinical success in non-CNS 

tumors, will inform the proper application of new platinum-drug delivery strategies to best 

realize the full potential of these chemotherapeutics for the treatment of GBM. Likely, this 

will be through dosing strategies that maximize the most effective secondary effects while 

minimizing toxicity seen with traditional high-dose CNS application. 

In this Aim, we evaluate the use of OXA-NPs as a biomaterial inhibitor of STAT3 

in a preclinical model of glioma. We characterize OXA-NPs including OXA release, 

stability, in vivo retention, and toxicity. We next evaluate the impact of OXA-NP delivery 

in vivo using a murine model of GBM, including STAT3 inhibition and modulation of 

immunosuppressive proteins. Finally, we investigate the impact of OXA-NPs on the 
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glioma microenvironment, including changes in immune cell numbers, phenotypes, and 

functions.  

5.2 Characterize a sustained release formulation of OXA--NPs. 

Our data suggest that OXA reduces STAT3 activity in glioma cells and glioma 

conditioned media-treated macrophages. However, at least in the case of glioma cells, the 

reduction in STAT3 activity is dependent on the continued presence of OXA. Therefore, 

drug delivery strategies which provide a sustained presence of OXA at the tumor site will 

likely be necessary to maintain STAT3 inhibition. This is in stark contrast to traditional 

studies of platinum-based chemotherapeutics in the CNS which relied on high-cytotoxic 

doses given at select intervals [326]. We first engineered OXA-NPs using an FDA-

approved polyethylene glycol coated, polyglutamic acid (PEG-PGA) polymer. This PEG 

coating is essential for important properties of advanced NP formulations including (i) 

enhanced brain penetration and circulation time (ii) sustained drug release [327,328]. We 

then characterized OXA-NP physiochemical properties (Figure 5.1 and Table 5.1). Size, 

poly-dispersity index (PDI), and zeta potential were analyzed using a zeta sizer with 

dynamic light scattering technology. OXA-NPs had a size of 29.9 nm ± 4.95, a PDI of 0.18 

± 0.05, a -Potential of -0.352 ± 0.155. Furthermore, we analyzed the drug loading of 

OXA-NPs, by dialysis of released drug followed by mass spectrometry of platinum 

content, which revealed that ~30% of the total OXA in the NP synthesis process were 

incorporated into the particles, suggesting a sufficiently efficient drug loading (Table 5.1).  
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Figure 5.1: Diagram of NP physiochemical measurements: Generic diagram depicting 

commonly analyzed NP characteristics. Note: OXA-NPs are formulated by complexing the 

OXA to the polymer, rather than encapsulating OXA within the polymer as illustrated here. 
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OXA-NP Physiochemical Properties 

Poly-Dispersity Index (PDI) 0.18 ± 0.05 

Targeting Moiety None 

Drug Loading Efficacy 
30% 

Drug Release 
Weeks (Figure 5.3A) 

Size 
29.9 ± 4.95 

-Potential (Surface Charge) -0.352 ± 0.155 

PEG Density 100% 

Table 5.1: Physiochemical properties of OXA-NPs.  
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We next evaluated characteristics of OXA-NPs necessary to improve drug 

dispersion and prolong STAT3 inhibition in the CNS, including (i) extended drug release, 

(ii) particle stability in serum or cerebrospinal fluid, and (iii) non-adhesivity to brain 

extracellular matrix. First, we analyzed the release of OXA from OXA-NP formulations 

overtime by dialysis of released drug followed by mass spectrometry analysis of drug 

release. OXA-NPS exhibit sustained release of OXA over several weeks (Figure 5.2A). 

OXA-NP stability was evaluated by measuring particle size by dynamic light scattering 

after incubation in either 10% fetal bovine serum (FBS) or artificial cerebrospinal fluid 

(ACSF) for up to 24 hr. The measured size of OXA-NPs was stable up to 24 hr in both 

10% FBS and ACSF indicating hydrodynamic stability (Figure 5.2B). Finally, we 

evaluated the binding of PGA-PEG OXA-NPs to brain ECM proteins using surface 

plasmon resonance (SPR) technology. The PEG surface coating of OXA-NPs is essential 

for reducing the non-specific interactions of NP with the surrounding environment such as 

ECM. As a result, the PEG coating plays an essential role in improving the dispersion of 

NPs within the brain [327,328]. Polystyrene (PS) particles were used as a positive control 

for ECM binding while PEGylated PS particles (PS-PEG), which do not bind to ECM, 

were used as a negative binding control [329]. The PGA-PEG based OXA-NPs did not 

bind to brain ECM (Figure 5.2C). NP morphology was also analyzed by transmission 

electron microscopy (TEM) (Figure 5.3). 
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Figure 5.2: OXA-loaded polymeric NPs (OXA-NPs) release drug over several weeks, 

are stable, and do not bind to brain extracellular matrix. (A) OXA-NPs were placed in 

Float-A-Lyzer dialysis tubes and dialyzed against PBS at 37 °C. At the indicated time 

points dialysate was collected, and the concentration of released platinum was determined 

by ICP-MS. (B) OXA-NPs were incubated in either 10% FBS, or artificial cerebrospinal 

fluid (ACSF) and size was determined at the indicated time points by dynamic light 

scattering. (C) NP non-specific binding to brain extracellular matrix (ECM) was 

determined by surface plasmon resonance (SPR) using a Biacore instrument. PGA-PEG, 

polystyrene (PS) NPs (positive control), and PS-PEG (negative control) were analyzed at 

a flow rate of 20 mL/min 
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Figure 5.3: Transmission Electron Microscopy (TEM) Image of OXA-NPs. TEM 

images of OXA-NPs show dispersed particles and rounded morphology. 
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To confirm that OXA-NPs can reduce STAT3 activity in vitro, we treated KR158 

STAT3-luc reporter cells with a concentration of OXA-NPs equivalent to either 50, 100, 

or 200 µM OXA (assuming total drug release). STAT3 activity was measured by luciferase 

activity at 9, 24, and 48 hr, which confirmed a dose-responsive decrease in STAT3 activity 

over time (Figure 5.4A). Furthermore, we established the reduction in pSTAT3 protein 

levels after OXA-NP treatments by treating KR158-luc cells with either a dose equivalent 

to 50 or 200 µM OXA. Lysates were analyzed for pSTAT3 protein levels at 9, 24, and 48 

hr by Western blot, which showed a decrease in pSTAT3 after OXA-NP treatment (Figure 

5.4B-C).  
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Figure 5.4: OXA-NPs reduce STAT3 activity in vitro. (A) KR158 STAT3-luc reporter 

cells were left either untreated or treated with the indicated concentrations of OXA in 

OXA-NP formulations. STAT3 activity was measured by luciferase assay at the indicated 

time points. (B) KR158-luc cells were treated with 50 µM OXA-NPs (by total drug 

released), and cells were harvested at 9, 24, and 48 hr. Lysates were analyzed for pSTAT3, 

STAT3, and GAPDH levels by Western blot. (C) KR158-luc cells were treated with 200 

µM OXA-NPs (by total drug released) and pSTAT3, STAT3, and GAPDH levels 

monitored as in Panel B.  
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5.3 Analysis of STAT3 activity in KR158 tumors 

STAT3 is overexpressed in as many as 90% of GBMs, and STAT3 activity is often 

significantly higher than in healthy brain partially because STAT3 activation under normal 

conditions is transient [114]. Furthermore, STAT3 activation in glioma is not driven by 

gain-of-function mutations in STAT3, but rather by increased upstream cytokine or growth 

factor receptor activity, which then activates signaling pathways including JAK-STAT 

signaling [114,138,136]. We first analyzed the level of STAT3 activation in KR158-luc 

cells implanted in vivo relative to the non-tumor bearing brain. Either KR158-luc cells or 

KR158 STAT3-luc reporter cells were implanted into the left hemisphere of C57BL/6 mice 

(Figure 5.5A). After one week, tissue was harvested from KR158-luc tumor-bearing mice, 

and pSTAT3 levels were compared in tumor-bearing and non-tumor-bearing brain 

hemispheres by Western blot. We found elevated pSTAT3 levels in the tumor tissue 

compared to non-tumor bearing brain tissue (Figure 5.5B). KR158-STAT3-luc reporter 

mice were imaged by bioluminescent live imaging (BLI) 1 week after tumor implantation 

to confirm the in vivo detection of STAT3 activity in a living mouse as determined by 

luciferase activity (Figure 5.5C). 
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Figure 5.5: KR158-luc and KR158 STAT3-luc reporter cells have high STAT3 

activity in vivo. (A) Bioluminescent imaging (BLI) of KR158-luc tumors implanted 

deep within the brain of a C57BL/6 mouse. A brain overlay was added using Living 

Image IVIS software. (B) KR158-luc tumors were implanted into the left hemisphere 

of C57BL/6 mice. At 1 week after tumor implantation, tumor tissue and the 

contralateral non-tumor bearing brain hemisphere were isolated, lysed, and analyzed 

for pSTAT3 and GAPDH by Western blot. (C) KR158 STAT3-luc reporter cells were 

implanted into the brain of an albino C57BL/6 mouse. At 1 week after tumor 

implantation STAT3 activity was imaged by BLI.  

  



126 
 

5.4 Intravenous delivery of OXA-NPs does not reduce STAT3 activity in an 

intracranial tumor. 

We first evaluated whether intravenous (IV) delivery of OXA-NPs into mice 

bearing KR158 STAT3-luc intracranial tumors affected STAT3 activity. IV delivery of 

therapeutics is preferable and more practical in the clinical setting compared to local CNS 

delivery. However, many therapeutics cannot reach CNS tissue because of the BBB [330-

332]. To assess the feasibility of systemic delivery of OXA-NPs, KR158 STAT3-luc 

reporter tumor-bearing mice were treated with either 150 µg free OXA, 150 µg (drug wt.) 

OXA-NPs, or saline via tail vein injection. STAT3 activity was measured by BLI 2 hr 

before treatment, then at 6, 24, and 48 hr after treatment. We found that OXA reduced 

STAT activity within 6 hr of treatment, but STAT3 activity returned at the by 24 hr time 

point (Figure 5.6). In contrast, OXA-NP delivery did not reduce STAT3 activity. This 

motivated the use of local delivery techniques; particularly convection-enhanced delivery 

(CED), to deliver OXA-NPs directly into the tumors. 
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Figure 5.6: OXA-NPs do not reduce STAT3 activity when administered systemically. 

KR158 STAT3-luc reporter cells were implanted into the brain of C57BL/6 mice. At 1 

week after tumor implantation, mice were treated with either saline, 150 µg OXA, or 150 

µg (drug wt.) OXA-NPs, administered via the tail vein. STAT3 activity was analyzed at 

(A) 6, (B) 24, and (C) 48 hr after treatment and compared to pretreatment STAT3 activity. 

* P <0.05 compared to NT control by Student t test.  
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5.5 OXA-NPs reduce toxicity, improve drug retention, and localize to tumor cells 

and myeloid cells within the brain after local delivery. 

A primary attribute of NP formulations is their ability to reduce adverse drug 

toxicity [333] [334,236]. To test the capability of OXA-NPs to reduce toxicity associated 

with free OXA, either 5 µg of OXA or 5 µg of OXA in OXA-NP form was administered 

intracranially into non-tumor bearing mice via CED. Mice were monitored for signs of 

toxicity, including neurotoxicity and weight loss. Free OXA resulted in acute toxicity, but 

no toxicity was seen in animals that received OXA-NPs (Figure 5.7). 
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Figure 5.7. OXA NPs reduce toxicity compared to free drug. Either 5µg OXA (square) 

or 5 µg OXA-NPs (triangle) (by drug weight) was injected intracranially via CED into 

C57BL/6 mice (n=3 mice per group). Mice were monitored for signs of toxicity including 

neurotoxicity and weight loss and euthanized according to IACUC protocol end points for 

drug toxicity. 
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To determine if OXA-NPs improved the retention of OXA in the brain compared 

to free OXA, 0.5 µg OXA or 0.5 µg OXA within OXA-NPs was administered into KR158-

luc intracranial tumor-bearing C57BL/6 mice via CED. Mice were euthanized at several 

time points, brains were isolated, and the platinum concentration was analyzed by ICP-

MS. We found that the NP encapsulation prolonged the presence of platinum in the brain 

compared to free OXA (Figure 5.8). 
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Figure 5.8: OXA-NPs improve drug retention in the brain.  Either 0.5 µg OXA (square) 

or 0.5µg OXA-NPs (triangle) (by drug weight) was injected intracranially via CED into 

tumor-bearing C57BL/6 mice using the same burr hole as used for tumor implantation (n 

= 3 per time point per group). At the indicated time points, brains were isolated and 

analyzed for platinum concentration by ICP-MS. The values shown are the mean ± SEM. 
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To assess in vivo delivery NPs, we analyzed localization to CD11b+ myeloid cells 

and tumor cells, of a fluorescent, rather than drug-loaded, polystyrene NPs of 

approximately the same size with the same PEG coating (PS-PEG). KR158-luc tumors 

were injected with fluorescent PS-PEG particles by CED 1 week after tumor implantation. 

One day after injection, tumors were harvested and analyzed for NP localization by flow 

cytometry. The fluorescent PS-PEG particles co-localized with both CD11b+ myeloid cells 

and KR158-luc tumor cells (Figure 5.9).  
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Figure 5.9: PEGylated NPs co-localize with CD11b+ myeloid cells and KR158-luc 

tumor cells in vivo. KR158-luc tumors were implanted in the brain of C57BL/6 mice (n=3) 

and 1 week after tumor implantation fluorescent PEGylated polystyrene NPs (PS-PEG) 

(~40 nm in diameter) were injected via CED into tumors. At 1 day post-NP injection, tissue 

was collected and live cells were analyzed by flow cytometry by forward/side scatter 

gating, Cd11b+ staining, and luc+ staining. Cells were then analyzed for PS-PEG NP 

fluorescence. * P <0.05 compared to either CD11b- or non-tumor cell population by 

Student’s t test.  
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5.6 OXA-NPs prolong STAT3 inhibition in vivo and modulate expression of GBM 

immunoregulatory proteins. 

Considering that OXA-NPs prolonged platinum concentrations in the brain, we 

determined if OXA-NPs could prolong STAT3 inhibition in vivo. KR158 STAT3-luc 

reporter cells were implanted intracranially into C57BL/6 mice, and STAT3 reporter 

activity was measured by BLI. One week after tumor implantation, mice were treated with 

either saline, 0.5 µg OXA, or 0.5 µg (drug wt.) OXA-NPs. STAT3 reporter activity was 

analyzed by BLI at 6, 24, 28, and 72 hr after treatment initiation and compared to pre-

treatment activity. A rapid decline in STAT3 activity was seen for both OXA- and OXA-

NP treated tumors within 6 hr of injection. After 24 hr, STAT3 activity in OXA-injected 

animals had returned to pre-treatment levels. However, in OXA-NP-treated tumors, 

STAT3 activity remained depressed up to 72 hr (Figure 5.10). Notably, STAT3 activity 

increased in the saline- and OXA-injected animals, likely due to tumor growth. 
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Figure 5.10: OXA-NP treatment prolongs tumor STAT3 inhibition when compared 

to free drug treatment. KR158 STAT3-luc reporter cells were implanted into the brain of 

C57BL/6 mice. STAT3 activity was assessed by bioluminescent imaging (BLI) just prior 

to, and 6, 24, 48, and 72 hrs. after treatment of KR158 STAT3-luc reporter bearing 

C57BL/6 mice with either saline (circle), 0.5µg OXA (dotted square) or 0.5µg OXA-NPs 

(blue triangle) (n = 7 per group). Treatment was initiated 1 week after tumor implantation. 

A region of interest (ROI) was used to determine the BLI signal in photons/s/cm2/steradin. 

BLI signal was compared to pre-treatment levels the values shown are the mean ± SD. * P 

<0.05 compared to PBS control by two-way ANOVA. 
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To confirm that the OXA-NPs inhibited STAT3 activity in vivo, tumor tissue was 

harvested 72 hr after treatment and analyzed for pSTAT3 levels by Western blot. We found 

that OXA-NPs, but not free OXA, reduced pSTAT3 levels at 72 hr post-drug 

administration (Figure 5.11).  
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Figure 5.11: OXA-NPs reduce pSTAT3 protein levels. KR158 STAT3-luc intracranial 

tumors were isolated from animals used for the Figure 5.10 experiment and lysates were 

prepared. Western blot analysis was conducted to examine pSTAT3, STAT3, and GAPDH 

levels. 
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Our previous results demonstrated that OXA could inhibit the phosphorylation of 

multiple STATs (Chapter 4). We, therefore, analyzed pSTAT1, pSTAT5, and pSTAT6 

levels in tumor tissue 72 hr after treatment with either saline, 0.5 µg OXA, or 0.5 µg OXA-

NPs. We found that both OXA and OXA-NPs reduced pSTAT1, pSTAT5, and pSTAT6 

relative to unrelated tumors (Figure 5.12).   
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Figure 5.12: OXA-NPs and OXA modulate STAT1, STAT5, and STAT6 levels in vivo. 

KR158 tumors were isolated from animals used for the Figure 5.10 experiment and lysates 

were prepared. Western blot analysis was conducted to examine (A) pSTAT1, STAT1, and 

GAPDH (B) pSTAT5, STAT5, and GAPDH, and (C) pSTAT6, STAT6, and GAPDH 

levels. 
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STATs, and STAT3 in particular, are key drivers of GBM immunosuppression 

[117,63]. Since we demonstrated previously that free OXA treatment of KR158-luc cells 

in vitro increases pEIF2α levels (Chapter 4) we also examined pEIFα levels in these tumor 

samples by Western blot analysis. We found that OXA-NPs, but not free OXA, increased 

pEIF2α levels at 72 hr post-drug administration (Figure 5.13), supporting the premise that 

an OXA NP formulation can prolong the effects noted with free drug. We also analyzed 

protein levels of the sphingosine-1-phosphate receptor 1 (S1PR1), a G-protein-coupled 

receptor responsible for diverse modulation of glioma biology including T-cell recruitment 

[335,336], and found that OXA-NPs increased S1PR1 expression (Figure 5.13). Finally, 

we determined if free OXA or OXA-NP delivery altered the expression of 

immunosuppressive proteins including transforming growth factor-β (TGF-β) and the 

programmed death ligand (PD-L) 1 and 2 proteins. We found that the expression level of 

all three proteins decreased with OXA-NP treatment, but not with free OXA treatment, at 

72 hr after treatment initiation (Figure 5.13).  
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Figure 5.13: OXA-NPs Enable Multifaceted Effects of OXA. KR158 tumors were 

isolated from the animals used for Figure 5.10 and lysates were prepared. Western blot 

analysis was conducted to examine (A) pEIF2α, EIF2α, and GAPDH (B) S1PR1 and 

GAPDH (C) TGF-β and GAPDH (D), PD-L1 and GAPDH and (E) PD-L2 and GAPDH 

levels.  
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Finally, we also analyzed expression of the DNA repair enzyme MGMT, which is 

largely responsible for resistance to the GBM standard-of-care chemotherapeutic TMZ 

[337,338], and the pro-invasive protein matrix metalloproteinases (MMPs) 2 and 9. We 

previously found that non-cytotoxic concentrations of OXA reduced expression of all three 

of these proteins in vitro. Analysis of these proteins revealed that MGMT protein 

expression was decreased 72 hr after both 0.5 µg OXA and 0.5 µg OXA-NP treatment 

(Figure 5.14A). Neither MMP2 nor MMP9 expression was reduced by these agents (Figure 

5.14B). 
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Figure 5.14 OXA-NPs reduce MGMT but not MMP2 or MMP9 levels in vivo. KR158 

tumors were isolated from the animals used for Figure 5.10 and lysates were prepared. 

Western blot analysis was conducted to examine (A) MGMT and GAPDH levels and (B) 

MMP2, MMP9, and GAPDH levels. 
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5.7 OXA-NPs alter the phenotype of glioma-associated macrophages.  

Given the involvement of STATs in glioma-associated macrophage polarity and 

our in vitro data suggesting OXA may shift GCM-exposed monocytes away from a pro-

tumor (M2) state (Chapter 4), we also analyzed tumor lysates for phenotypic markers of 

macrophage polarity. First, we evaluated the impact of OXA and OXA-NPs on proteins 

associated with the macrophage polarization state, which can be controlled in part by STAT 

signaling [117,63]. Administration of either OXA or OXA-NPs reduced expression of the 

tumor-supporting macrophage marker arginase-1 (Arg-1), while OXA-NPs, and to a lesser 

extent OXA, increased expression of markers indicative of anti-tumor macrophage cell 

phenotypes (CD86, Cox-2, and iNOS [100]) indicating a likely gross shift in the glioma 

supporting macrophages from tumor-supporting to an anti-tumor phenotype (Figure 5.15) 
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Figure 5.15 OXA-NPs alter expression of macrophage polarity markers in vivo. 
KR158 tumors were isolated from animals used for Figure 5.10 and lysates were prepared. 

Western blot analysis was conducted to examine Arginase 1 (Arg-1), CD86, COX-2, iNOS, 

and GAPDH levels. 

  



146 
 

To complement the Western blot analysis of tumor lysate suggesting modulation of 

macrophage polarity markers we, in collaboration with Kenisha Younger in the lab of Dr. 

Eduardo Davila, analyzed the expression of myeloid cell polarization markers by flow 

cytometry. KR158-luc cells were implanted into the brains of C57BL/6 mice. One week 

after tumor implantation, mice were treated with either saline or 0.5 µg of OXA-NPs (drug 

wt.) administered by CED. At 72 hr after treatment tissue was harvested and analyzed by 

flow cytometry. We found a uniform decreased expression of the pro-tumor macrophage 

marker CD206 following OXA-NP treatment (Figure 5.16).  
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Figure 5.16: Expression of the tumor-supporting myeloid cell marker, CD206, 

decreases after OXA-NP treatment.  KR158-luc cells were implanted in the brain of 

C57BL/6 mice and 1 week after tumor implantation mice were treated with either saline or 

0.5 µg OXA-NPs (n=3). At 72 hr. after treatment, tissue was harvested, and myeloid cell 

populations were gated based on forward/side scatter, and CD11b expression, and then 

analyzed for CD206 expression. Mean fluorescent intensity (MFI) is shown. * P <0.05 

compared to PBS control by Student t test. This experiment was done in collaboration with 

Kenisha Younger in the lab of Dr. Eduardo Davila at the University of Maryland SOM. 
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We also observed increased expression of the anti-tumor marker CD86 after OXA-

NP treatment (Figure 5.17). The relative numbers of CD86+ cells also increased after 

OXA-NP treatment compared to saline control (Figure 5.18). These results further suggest 

that OXA-NP treatment may alter the anti-tumor/pro-tumor polarization of glioma-

associated myeloid cells.  
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Figure 5.17: Expression of the tumor-supporting macrophage cell marker, CD86, 

increases after OXA-NP treatment.  KR158-luc cells were implanted in the brain of 

C57BL/6 mice and 1 week after tumor implantation mice were treated with either saline or 

0.5 µg OXA-NPs (n=3). At 72 hr after treatment, tissue was harvested, and myeloid cell 

populations were gated based on forward/side scatter, and CD11b+ expression, and then 

analyzed for CD86 expression. Mean fluorescent intensity (MFI) is shown. * P <0.05 

compared to PBS control by Student t test. This experiment was done in collaboration with 

Kenisha Younger in the lab of Dr. Eduardo Davila at the University of Maryland SOM. 
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Figure 5.18 CD86+ cells increase after OXA-NP treatment. KR158-luc cells were 

implanted in the brain of C57BL/6 mice and 1 week after tumor implantation mice were 

treated with either saline or 0.5 µg OXA-NPs (n=3). At 72 hr after treatment, tissue was 

harvested and the relative number of living CD11b+/ CD86+ cells in each treatment was 

determined by forward/side scatter gating, CD11b expression, and CD86 expression. * P 

<0.05 compared to PBS control by Student t test. This experiment was done 

in collaboration with Kenisha Younger in the lab of Dr. Eduardo Davila at the University 

of Maryland SOM. 
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5.8 OXA-NP treatment results in the recruitment of T-cells, peripheral monocytes, 

and neutrophils to the tumor.  

Considering our findings that OXA-NPs may alter expression of markers of glioma 

immunosuppression and markers of glioma-associated macrophage polarization, we 

sought to further investigate the effects of OXA-NPs on immune cell populations in the 

KR158 glioma microenvironment including lymphocytes and myeloid cells. In 

collaboration with Dr. Rodney Ritzel and Sarah Doran in the lab of Dr. David Loane, 

KR158-luc bearing mice were treated with either saline or 0.5ug (drug wt.) OXA-NPs. 

Tissue was collected 72 hr after treatment and immunophenotyping by flow cytometry was 

performed. 

 We first compared cell numbers of microglia, lymphocytes, and non-microglial 

myeloid cells in normal brain, saline-treated, tumor-bearing brain, or 0.5 µg OXA-NP-

treated, tumor-bearing brain. The number of microglia did not change after OXA-NP 

treatment (Figure 5.19A). We next analyzed non-microglia myeloid cells, by using levels 

of CD45 expression to separate microglia from other infiltrating myeloid cells [339-341]. 

Analysis of non-microglial infiltrating myeloid cell populations revealed a significant 

increase in myeloid cell numbers in OXA-NP-treated tumors compared to either normal 

brain or saline-treated control, suggesting a large influx of peripheral myeloid cells into the 

brain following treatment (Figure 5.19B). Finally, analysis of lymphocyte numbers 

revealed a significant increase in lymphocytes in saline-treated, tumor-bearing brain 

compared to healthy brain. OXA-NP-treated tumors had a significant increase in 

lymphocytes compared to both normal brain and saline-treated tumors (Figure 5.19C).  
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Figure 5.19: OXA-NP treatment results in the recruitment of T-cells and peripheral 

myeloid cells into the tumor microenvironment. KR158-luc cells were implanted in the 

brain of C57BL/6 mice and 1 week after tumor implantation mice were treated with either 

saline or 0.5 µg OXA-NPs (n=3). At 72 hr after treatment, tissue was harvested and living 

cells were analyzed by forward/side scatter, CD11b, and CD45 expression. Cell numbers 

of (A) microglia (B) peripheral myeloid cells and (C) lymphocytes were analyzed.* P 

<0.05 compared to PBS control by two-way ANOVA. (D) Representative gating strategy. 

This experiment was done in collaboration with Dr. Rodney Ritzel and Sarah Doran in the 

lab of Dr. David Loane at the University of Maryland SOM. 
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To better define the infiltrating peripheral myeloid cell populations infiltrating the 

tumor after OXA-NP treatment, numbers of neutrophils (LY6G+) and monocytes (Ly6C+) 

were analyzed in saline- or OXA-NP-treated mice. We found significant increases in both 

populations in OXA-NP-treated animals (Figure 5.20), suggesting that the substantial rise 

in infiltrating myeloid cells is composed of both monocytes and neutrophils. Interestingly, 

there were very few neutrophils in control tumors, but neutrophil numbers increased 

dramatically after OXA-NP treatment (Figure 5.20).  
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Figure 5.20: The tumor-infiltrating myeloid cell populations consist of both 

circulating peripheral monocytes and neutrophils recruited to the tumor. KR158-luc 

cells were implanted in the brain of C57BL/6 mice and 1 week after tumor implantation 

mice were treated with either saline or 0.5 µg OXA-NPs (n=3). At 72 hr after treatment, 

tissue was harvested, and living CD4 hi cells were analyzed for numbers of (A) Monocytes 

and neutrophils by Ly6G and Ly6C staining. (B) Dot plot showing significant increases in 

both neutrophils and monocytes after treatment with OXA-NPs. * P <0.05 compared to 

respective PBS control by two-way ANOVA. This experiment was done 

in collaboration with Dr. Rodney Ritzel and Sarah Doran in the lab of Dr. David Loane at 

the University of Maryland SOM. 
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5.9 OXA-NP treatment alters the functional characteristics of glioma-associated 

microglia/macrophages.  

We next sought to further define the functional characteristics of the microglia and 

infiltrating myeloid cells (i.e., monocytes and neutrophils) following OXA treatment. 

Hereafter, infiltrating neutrophils and monocytes will be analyzed together as the 

infiltrating myeloid population, while microglia will be analyzed as an independent 

population by gating based on CD45 expression. Increased phagocytic activity is 

associated with anti-tumorigenic macrophages in the glioma microenvironment while 

decreased phagocytic activity is associated with a pro-tumor subset of macrophages. [98] 

Conversely, increased phagocytic activity has been  associated with pro-tumor (M2) 

microglia [342]. First, we analyzed the percentage of phagocytic microglia and phagocytic 

infiltrating myeloid cells in normal brain, saline-treated, and OXA-NP-treated tumors. To 

analyze phagocytic activity, dissociated tumor samples were incubated with 1µm 

fluorescent polystyrene beads. Next, internalization of fluorescent beads was analyzed by 

flow cytometry. No significant differences in the percentage of phagocytic microglia were 

detected in OXA-NP treated tumors compared to untreated and normal brain controls by 

flow cytometry. However, OXA-NP treatment resulted in significantly more phagocytic 

myeloid cells in the brain compared to controls (Figure 5.21). 
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Figure 5.21: OXA-NPs increase myeloid cell phagocytosis. KR158-luc cells were 

implanted in the brain of C57BL/6 mice and 1 week after tumor implantation mice were 

treated with either saline or 0.5 µg OXA-NPs (n=3). At 72 hr after treatment, tissue was 

harvested. Living cells were gated by forward/side scatter, CD11b expression, and CD45 

expression. The percentage of phagocytic cells was determined by analyzing bead 

fluorescent intensity in (A) infiltrating myeloid cells and (B) microglia by incubating 

dissociated tumors with 1µm fluorescent polystyrene beads and then analyzing 

internalization of fluorescent beads by flow cytometry. (C) Representative dot-plot of Bead 

+ cells. * P <0.05 compared to PBS control by two-way ANOVA. This experiment was 

done in collaboration with Dr. Rodney Ritzel and Sarah Doran in the lab of Dr. David 

Loane at the University of Maryland SOM. 
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We next focused our analysis on two markers of macrophage function and 

polarization: transforming growth factor β (TGF-β) and tumor necrosis factor (TNFα). 

Analysis of the cytokine production of macrophages offers clues to their polarization 

towards either anti-tumor or pro-tumor phenotype. The percentage of microglia cells 

expressing the pro-inflammatory cytokine TNF increased after OXA-NP treatment, while 

the percentage of TNFα expressing myeloid cells did not change with treatment. However, 

the relative expression of TNFα by microglia and infiltrating myeloid cells compared to 

the same populations in saline-treated controls revealed a significant increase in TNFα 

expression in OXA-NP-treated tumors (Figure 5.22).   
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Figure 5.22: OXA-NPs increase the relative expression of TNFα by microglia and 

infiltrating myeloid cells. KR158-luc cells were implanted in the brain of C57BL/6 mice 

and 1 week after tumor implantation mice were treated with either saline or 0.5 µg OXA-

NPs (n=3). At 72 hr after treatment, tissue was harvested and living cells were gated based 

on forward/side scatter, CD45 expression, and CD11b expression. The percentage of 

TNFα-expressing cells was determined in living (A) infiltrating myeloid cells and (B) 

microglia cell populations. (C) The relative expression of TNFα was determined in 

infiltrating myeloid cell populations. (D) The relative expression of TNFα was determined 

in microglia populations. (E) Dot plot demonstrating the significant increase in TNF 

expression after OXA-NP treatment. * P <0.05 compared to PBS control by two-way 

ANOVA. This experiment was done in collaboration with Dr. Rodney Ritzel and Sarah 

Doran in the lab of Dr. David Loane at the University of Maryland SOM. 
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Conversely, analysis of the anti-inflammatory cytokine TGF-β revealed that the 

percentage of TGF-β-expressing microglia decreased after OXA-NP treatment compared 

to saline controls, and the relative expression of TGF-β decreased in TGF-β + myeloid 

cells, but not in microglia, compared to saline and normal brain controls (Figure 5.23). 
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Figure 5.23: OXA-NPs decrease the relative expression of TGF-β by infiltrating 

myeloid cells KR158-luc cells were implanted in the brain of C57BL/6 mice and 1 week 

after tumor implantation mice were treated with either saline or 0.5 µg OXA-NPs (n=3). 

At 72 hr after treatment, tissue was harvested and living cells were gated based on 

forward/side scatter, CD45 expression, and CD11b expression. The percentage of TGF-β-

expressing cells was determined in (A) infiltrating myeloid cells and (B) microglia cell 

populations. (C) The relative expression of TGF-β was determined in infiltrating myeloid 

cell populations. (D) The relative expression of TGF-β was determined in microglia 

populations. * P <0.05 compared to PBS control by two-way ANOVA. This experiment 

was done in collaboration with Dr. Rodney Ritzel and Sarah Doran in the lab of Dr. David 

Loane at the University of Maryland SOM. 
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5.10 OXA-NPs alter the cytokine/chemokine expression profile of the GBM 

microenvironment. 

 In collaboration with the team of Dr. Greg Szeto, we next analyzed the cytokine 

and chemokine expression profile of KR158-luc tumors following OXA-NP treatment.  

KR158-luc cells were implanted into the brain of C57BL/6 mice. One week after tumor 

implantation, mice were treated with either saline or 0.5 µg of OXA-NPs (drug wt.) 

administered by CED. At 72 hr after treatment tissue was harvested and tissue lysates 

generated. The cytokine/chemokine expression profile was then analyzed using a 

Mililiplex MAP Mouse Cytokine/Chemokine Magnetic Bead Panel. We found significant 

changes in the expression profile of tumors after OXA-NP treatment, notably a substantial 

increase in the expression of numerous chemokines, which may stimulate the recruitment 

of immune cells to the tumor microenvironment (Figure 5.24) 
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Figure 5.24. OXA-NPs alter the cytokine/chemokine expression profile of the glioma 

microenvironment. KR158-luc cells were implanted in the brain of C57BL/6 mice and 1 

week after tumor implantation mice were treated with either saline or 0.5 µg OXA-NPs 

(n=5). At 72 hr after treatment, tumor lysates and control brains were collected and 

analyzed using Milliplex MAP Mouse Cytokine/Chemokine magnetic bead panel. This 

experiment was done in collaboration with Michael Zhang in the lab of Dr. Greg Szeto at 

the University of Maryland Baltimore County. 
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5.11 Conclusions for Specific Aim 2: 

In this Aim, we found that OXA-NPs reduce toxicity, and improve delivery and 

retention, of OXA within the brain after local delivery by CED. We also found that OXA-

NPs potentiated and prolonged OXA effects including STAT3 inhibition, modulation of 

immunoregulatory protein expression, and initiation of ICD pathways compared to tumors 

treated with OXA alone or saline. Analysis of immune cell populations in the glioma 

microenvironment after OXA-NP treatment revealed increased infiltrating T-cells, 

macrophages, and neutrophils, as well as functional changes in both microglia and 

infiltrating myeloid cells suggestive of a shift to a pro-inflammatory state. In summary, 

OXA-NPs impacted glioma cell STAT3 as well as modified the glioma microenvironment, 

polarizing immune cells to a state associated with anti-tumor effects.  

We found OXA-NPs release OXA over several weeks in vitro, improved drug 

retention in the brain, and were less toxic compared to free OXA when administered 

directly into the mouse brain. The drug delivery challenges of GBM, the known toxicity of 

platinum-based chemotherapeutics, and results suggesting STAT3 inhibition is dependent 

on continuous exposure to OXA, motivated the generation of a biodegradable PEG-PGA 

OXA NP formulation. In addition to recently uncovered multifaceted therapeutic effects of 

OXA, renewed interest in repurposing platinum-based chemotherapeutics in the CNS is 

being driven by cutting-edge drug delivery systems including NPs, CED, and magnetic 

resonance imaging-guided focused ultrasound [249,65,320,343,330]. Our results 

demonstrate that a PEG-PGA-based drug delivery system, OXA-NPs, have the attributes 

required to achieve prolonged alternative effects including STAT3 inhibition in GBM. 

Furthermore, one of the primary hurdles to the therapeutic application of platinum-
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chemotherapeutics in the brain is adverse toxicity. Recent reports have indicated that 

delivering platinum-chemotherapeutics in a NP formulation reduces toxicity and improves 

therapeutic activity relative to non-NP platinum-chemotherapy treatments [321,320]. As 

such, NP formulations are enabling pre-clinical success with platinum agents that would 

otherwise be too toxic [321,320]. Similarly, we found that our PEG-PGA formulation of 

OXA reduces toxicity compared to free OXA. We also found that OXA-NPs significantly 

improve the retention of the drug within the CNS compared to OXA alone. Therefore, 

OXA-NPs meet the criteria necessary to achieve and maintain the alternative effects of 

OXA in vivo, chiefly by prolonging OXA at the tumor site with minimal toxicity.  

CED of OXA-NPs into orthotopic brain tumors enhanced STAT3 inhibition in vivo 

compared to an equivalent dose of free OXA. Specifically, although both OXA and OXA-

NPs reduced STAT3 activity within 6 hr of treatment initiation, STAT3 activity in tumors 

treated with the free drug returned within 24 hr while STAT3 activity in OXA-NP treated 

tumors remained low until at least 72 hr after treatment initiation. This correlates with data 

suggesting that the free drug is rapidly cleared from the brain within 24 hr, but OXA-NPs 

prolong concentrations within the brain for multiple days. This suggests that traditional 

application of OXA, without sustained release, only transiently decreases STAT3 activity. 

Our data indicates a formulation strategy that prolongs OXA at the tumor site is required 

for sustained STAT3 inhibition. This data also suggests that a less toxic, low-dose of OXA 

is sufficient to disrupt the activity of STAT3, a master regulator of GBM pathobiology.  

We also found other alternative OXA effects including initiation of ICD pathways, 

and modulation of the immune microenvironment protein expression not only occurs in 

GBM tumors but are enhanced by OXA-NP treatment. We found that pEIF2α protein 
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levels, considered a marker of ICD pathway activation [344], increased in tumor lysates 

following OXA-NP treatment relative to OXA treatment. Evaluation of glioma 

microenvironment protein expression revealed similar findings. OXA-NPs altered 

expression of immunosuppressive factors relative to OXA including S1PR1, a receptor 

associated with T-cell responses in the CNS [345,335], TGF-β, which has multifaceted 

immunosuppressive features including inhibition of immune cell activation, and the 

immune checkpoint proteins PD-L1, and PD-L2 [314], which limit anti-tumor immune 

responses [314]. The changes in these proteins are likely indicative of large-scale 

modulation of immunosuppressive features within the GBM microenvironment. Of 

particular interest is TGF-β, a major tumor-supporting factor expressed both by GBM and 

glioma-associated macrophages [119]. TGF-β itself has pleiotropic functions in GBM 

invasion, migration, invasion, and most notably immunosuppression [119,346]. TGF-β 

inhibition alone is a noteworthy therapeutic goal and one that has reached the level of 

clinical trials for glioma [347]. Regarding glioma specifically, an increase in S1PR1 after 

OXA-NP is also intriguing. Through a unique and understudied mechanism, CNS tumors 

often result in a depletion of T-cells from the CNS, and the sequestration of T cells in either 

bone marrow or secondary lymphoid organs [335]. The downregulation of S1PR1 is 

believed to underlie T-cell sequestration. In fact, drugs which downregulate S1PR1, such 

as fingolimod, are used to deplete T-cells from the brain in CNS auto-inflammatory 

conditions such as multiple sclerosis or autoimmune encephalomyelitis in which T-cells 

are pathologically active in the CNS [348]. Upregulation of S1PR1 by OXA-NPs may 

induce tumor T-cell infiltration. Furthermore, the reduction of the immune checkpoints 

PD-L1 and PD-L2, which inhibit anti-tumor T-cell responses, were downregulated by 
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OXA-NP treatment. Such data suggests, that in addition to effects on the myeloid cell 

populations in the microenvironment OXA may both enhance T-cell recruitment to the 

tumor and make the microenvironment more amenable to anti-tumor immune cell 

functions. 

Analysis of the KR158 tumor microenvironment at 72 hr after OXA-NP treatment 

revealed changes both in the numbers and characteristics of immune cells compared to 

healthy brain and saline-treated tumors. There was a significant increase in infiltrating T-

cells, macrophages, and neutrophils after OXA-NP treatment. Analysis of the markers of 

myeloid cell polarity by Western blot indicated a general shift away from pro-tumor 

phenotypes following OXA-NP treatment, shown by Arg-1 expression, and towards anti-

tumor phenotypes indicated by increases in CD86, Cox-2, and iNOS expression. 

Functional analysis of microglia reinforced this result and infiltrating myeloid cell 

populations within the microenvironment after OXA-NP treatment by flow cytometry. 

Analysis of phagocytosis, and expression of either the pro-inflammatory cytokine TNFα 

or the anti-inflammatory cytokine TGF-β revealed that both the CNS resident microglia 

and infiltrating myeloid cells were more inflammatory in OXA-NP-treated tumors 

compared to controls. Remarkably, a large percentage of infiltrating myeloid cells were 

neutrophils, which were nearly undetectable in tumor tissue before OXA-NP treatment. 

Neutrophils, like tumor-associated macrophages, can exist in both a pro-tumor and anti-

tumor state and their recruitment and activation is dependent on many of the same factors 

as macrophages [102,72,103,349]. The consequences of this neutrophil infiltration are 

unclear but may represent a large anti-tumor innate immune response given the functional 

characteristics of the infiltrating myeloid cells after OXA-NP treatment.   
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Together this data suggests pro-inflammatory, anti-tumor changes in the tumor 

microenvironment after OXA-NP treatment. Such changes have been associated with 

reprogramming the microenvironment to an anti-tumor state [64,350,351,59].  Although 

we cannot directly attribute these changes in the microenvironment to STAT3 inhibition, 

similar effects are associated with STAT3 inhibition in other GBM studies and correlate 

with reprogramming the microenvironment. For instance, the STAT3 inhibitor WP1066 

increases expression of the co-stimulatory molecules CD80 and CD86 on glioma-

associated macrophages, indicating a shift to a pro-inflammatory, anti-tumor state [64], and 

enhances the production of inflammatory cytokines [64]. Similarly, the STAT3 inhibitor 

JSI-124 was found to alter the profile of tumor-infiltrating macrophages to an anti-tumor 

state in the GL261 glioma model, as determined by a reduction in arginase 1 expression 

which we also found in KR158-luc tumors following OXA-NP treatment [351]. Moreover, 

similar immunomodulatory effects have been reported following OXA treatment in other 

cancers [267]. 

Interestingly, although the cytokine production and phenotypic analysis of myeloid 

cells in the glioma microenvironment after OXA-NP treatment revealed glioma 

microenvironment polarization like that detected following STAT3 inhibition, STAT3 

inhibitors have not been shown to increase the number of glioma-infiltrating macrophages 

or neutrophils. In contrast to our findings, some STAT3 inhibitors such as WP1066 reduce 

macrophage density in the tumor [352]. STAT3 inhibition through microRNA (miRNA)-

124, resulted in increased CD3+ T cell infiltration into the glioma but did not alter 

macrophage infiltration [353]. It is unclear why such a large increase in macrophages and 

neutrophils is seen after OXA-NP treatment; however, we detected substantial increases in 
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the expression of chemokines in tumor tissue following OXA-NP treatment, which may 

stimulate cell recruitment. This recruitment of neutrophils and macrophages may be 

unrelated to STAT3 inhibition, but rather a consequence of another facet of the complex 

impact of OXA on tumor biology. Similarly, OXA has been shown to increase anti-tumor 

neutrophils in colorectal tumor models through the release of chemoattractants, suggesting 

the increase in infiltrating myeloid cells may be a direct result of OXA treatment [352]. 

We also found a significant increase in T-cell infiltration after OXA-NP treatment. 

Although there is some evidence that STAT3 inhibition alone may result in increased 

glioma T-cell infiltration [353], it is also possible that this influx of T-cells is connected to 

S1PR1 upregulation. Downregulation of this receptor is believed to underlie T-cell 

depletion in brain tumors and reversal of this downregulation may also restore T-cell 

numbers within brain tumors [335,345]. 

These findings may hold broader implications for the therapeutic use of OXA and 

polymeric NP drug formulations. Although our primary focus was STAT3 inhibition, we 

found evidence that other OXA effects may be potentiated by NP formulations. However, 

it is unclear if these other OXA are also transient and dependent on a continuous presence 

of OXA, as found with STAT3. These results suggest that OXA-NPs enhance the 

multifaceted therapeutic effects of OXA. High but widely interspersed doses of OXA may 

not be ideal for achieving the therapeutic effects of OXA considering the evidence that 

major therapeutic actions such as STAT3 inhibition depend on continuous exposure to the 

drug. Rather sustained drug delivery strategies may be necessary to realize the full potential 

of OXA. Numerous NP formulations of platinum-based chemotherapeutics are under 

investigation for GBM therapy with the goal of improving delivery to the tumor and 
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reducing toxicity [320,354-356,249,321,357]. However, these results suggest that 

formulations designed for a sustained drug release as opposed to faster, burst releases may 

be preferable. Furthermore, like OXA, CNS retention of other therapeutics may be 

improved by NP formulation. NP formulation may present a practical method to improve 

retention and thereby efficacy of many therapeutics which are rapidly cleared from the 

CNS. 

 There are several limitations to this study. This Aim was conducted using either 

KR158-luc or KR158 STAT3-luc reporter tumors, which are variants of the same mouse 

glioma cell line. It will be necessary to confirm these results in other glioma models. 

Furthermore, although the impact of OXA-NPs on glioma-associated T-cells was beyond 

the focus of this study, we found intriguing results regarding T-cell tumor infiltration after 

OXA-NP treatment. The function of these T-cells remains unexplored. These findings may 

warrant more extensive investigations of the effect of OXA-NPs on glioma-associated 

lymphocytes. Furthermore, although a significant focus of this study was on STAT3, it is 

important to note that OXA has diverse multi-faceted effects on tumor cells, some of which 

was narrowly investigated in this study. Furthermore, our primary focus was on the glioma 

cells themselves and glioma-associated myeloid cells. This was a decision based on the 

knowledge that these are the most substantial components of the GBM tumor. However, 

there are multiple other non-neoplastic cell populations within the tumor 

microenvironment such as reactive astrocytes, T-cells, and endothelial cells, which play an 

active role in GBM pathobiology [95,85]. This study also does not address tumor 

heterogeneity and its impact on drug responses and NP distribution. Heterogeneity is a 

major therapeutic challenge in GBM, and one, which is not addressed in this study [360]. 
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It is unclear the extent and implications of intratumoral heterogeneity in our model. This 

study represents a proof-of-principle that polymeric NPs may enable and potentiate the 

alternative effects of OXA in vivo. Further development and comparison to other polymeric 

NP formulations with different properties, such as tumor targeting, which further improves 

CNS retention, is warranted.  
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Chapter 6 Conclusions and Future Directions 

Summary of findings: 

GBM is the most common and deadly primary brain tumor in adults, accounting for 

approximately 40% of primary brain tumors. Over the past thirty years, only marginal 

improvements in GBM patient survival have been made. Even with the most aggressive 

therapy, the mean survival for patients with GBM is still less than 18 months, highlighting 

the critical need for new therapeutic strategies for this deadly cancer. Among the strategies 

under consideration is a repurposing of platinum-based chemotherapeutics. 

Platinum-based chemotherapeutics including cisplatin, carboplatin, and OXA are some 

of the most widely used chemotherapeutics. Traditionally, these compounds have been 

thought of as DNA damaging agents, yet recent findings suggest that the clinical success 

of platinum-based chemotherapeutics in non-CNS tumors is due in large part to under-

investigated alternative therapeutic effects which may be unrelated to DNA damage. 

Recent studies found that platinum-based chemotherapeutics, and particularly OXA, 

induce great cellular bioenergetics stress with significant downstream effects on cancer 

pathobiology, even at reduced, less toxic doses [71]. Although the complete extent and 

mechanisms by which these compounds impact tumor biology remain unclear, OXA 

treatment may result in diverse and potent modulation of cytokines, transcription factors, 

and tumor-based immunosuppressive mechanisms. As a result, platinum-based 

chemotherapeutics, and especially OXA, repurposed to maximize newly realized 

secondary effects, may have significant therapeutic potential for GBM. Moreover, new 

therapeutic delivery strategies including liposomal and polymeric NP formulations capable 
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of improving drug delivery to tumor cells, providing a sustained release of 

chemotherapeutic at the target site, and significantly reducing toxicity are facilitating the 

adaptation of these compounds in the CNS.  

Our data indicates that a major secondary effect of OXA is the inhibition of STAT3, a 

transcription factor at the core of GBM pathobiology. STAT3 signaling is constitutively 

active in many gliomas and dictates diverse aspects of glioma biology including 

angiogenesis, invasion, chemotherapeutic resistance, and immunosuppression. STAT3 

also controls and co-opts the primary glioma-infiltrating immune cell, the macrophage, 

which can comprise up to 40% of the GBM tumor mass. Consequently, STAT3 has 

emerged as a major target for GBM therapy [113,112,114]. OXA treatment may overcome 

the pleiotropic glioma-supporting functions of STAT3. However, our data also shows that 

STAT3 inhibition by OXA is dependent on the continued exposure of glioma cells to the 

drug, likely necessitating sustained release drug delivery strategies to realize these effects 

in vivo. It is likely that sustained release therapeutic formulations designed to maximize 

the secondary effects of OXA, particularly STAT3 inhibition, will have potent anti-GBM 

effects, including reprogramming of the tumor microenvironment, at doses that are less 

toxic in the CNS.  

Here, we report a strategy for repurposing OXA for GBM using a sustained release 

NP formulation and have characterized the effects of free drug and this formulation on 

STAT3 activity and the glioma microenvironment. In the research presented in Chapter 4, 

we investigated the impact of OXA on STAT3 activation in glioma cells and glioma-

associated macrophages. We found that non-cytotoxic concentrations of OXA induce ER 

stress- and SHP2-dependent inhibition of STAT3 in glioma in a dose-responsive manner. 
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However, OXA-mediated inhibition of STAT3 was found to be dependent on the continued 

presence of OXA. We also found that OXA exhibited a number of secondary therapeutic 

effects including immunogenic cell death following prolonged treatment, and more 

acutely, altered expression of immunosuppressive, pro-invasive, chemotherapeutic 

resistance, and pro-angiogenic proteins. We also found that OXA reduced STAT3 

phosphorylation in BMDMs exposed to GCM, and altered the expression of macrophage 

polarity markers, indicating a shift away from a tumor-supporting phenotype. In the 

research presented in Chapter 5, we formulated and characterized OXA-NPs and 

investigated the impact of this NP formulation on glioma tumors, including glioma cells 

and the glioma microenvironment. We found that OXA-NPs reduce toxicity and improve 

drug delivery and retention of OXA within the brain after delivery by CED. Moreover, we 

found that OXA-NPs potentiated and prolonged the therapeutic actions of OXA including 

STAT3 inhibition, disruption of immunoregulatory proteins, and immunogenic cell death. 

We also found dramatic changes in the microenvironment after OXA-NP treatment, 

including a significant increase in infiltrating T-cells, macrophages, and neutrophils, as 

well as functional changes in both microglia and infiltrating myeloid cells suggestive of a 

change to a pro-inflammatory state. Analysis of the cytokine/chemokine profile of the 

tumor microenvironment also suggested a shift to a pro-inflammatory environment after 

OXA treatment.  

Targeting the GBM microenvironment has become a major focus of GBM research. 

Our data suggests that OXA may exert a multi-faceted modulation of the glioma 

microenvironment, both by altering the expression or activity of proteins involved in GBM 

immunosuppression and my recruiting immune cells to the tumor microenvironment. The 
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use of OXA may offer a therapeutic advantage compared to other strategies targeting the 

glioma microenvironment. To date, the most promising STAT3 inhibitors have focused on 

inhibiting the upstream kinase JAK2. Although JAK is commonly overactive in GBM, 

other oncogenic pathways activate STAT3. OXA may inhibit STAT3 signaling regardless 

of upstream signaling events by acting downstream of STAT3 activation. Furthermore, 

OXA inhibits multiple STAT proteins, which may offer therapeutic advantages 

considering the functional overlap of different STAT proteins in cancer. In addition, we 

found strong modulation of the glioma microenvironment, including effects beyond was 

has previously been associated with STAT3 modulation. In particular, we found a 

significant influx of tumor-infiltrating immune cells. OXA may not just overcome 

immunosuppressive features in the microenvironment, but also promote the recruitment of 

immune cells and foster a pro-inflammatory microenvironment. Finally, it should not be 

understated that unlike other investigational STAT3 inhibitors, OXA is an FDA approved 

and clinically utilized chemotherapeutic, which may facilitate efficient and expedient 

repurposing for GBM patient therapy.  

These results may also broad hold implications for the use of OXA in the clinic. A 

significant hurdle to the applications of OXA in the clinic remains toxicity at high doses. 

Our findings broadly suggest that NP formulations may reduce the toxicity associated with 

OXA. Moreover, the diverse multi-faceted effects of OXA on glioma biology, are most 

evident with a drug delivery strategy that prolongs OXA at the tumor site. Additionally, 

we found that many of these effects occur at low doses, suggesting that the key to 

maximizing therapeutic effects of OXA for the treatment of GBM should focus not on 

high-interspersed doses, but rather on more moderate, but sustained doses. This is a 
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significant departure from past attempts to apply platinum-based chemotherapeutics in the 

brain, which have sought to deliver high, directly cytotoxic doses [310,361,362]. Our 

findings suggest that due to rapid clearance from the tumor site, such administration of 

OXA would result in only transient alternative therapeutic effects such as STAT3 

inhibition. 

Future directions 

This work further defines the therapeutic effects of OXA and serves as a proof-of-

principle for the use of OXA-NPs for the treatment of GBM. However, significant work 

remains if OXA-NPs are to be adapted for clinical use. First, this work should be expanded 

and validated in other models of glioma. The bulk of this research utilized the mouse 

KR158-luc glioma cell line, with orthotropic tumors implanted in C57BL/6 mice for in 

vivo experiments. Although this model recapitulates key aspects of human GBM, it remains 

a single model. Second, a more detailed evaluation of the OXA dose-response and kinetics 

of OXA therapeutic effects should be evaluated in vivo. This study utilized a low OXA 

dose (0.5 µg), delivered over an extended period in vivo. It is unclear if these effects are 

dose-tunable. It is unclear if lower doses can achieve a comparable impact or if higher 

doses magnify the effects. It is possible that higher, more toxic doses will preclude anti-

tumor functions of a repolarized microenvironment by eliminating rather than modulating 

immune cells. Third, the impact of OXA-NPs on T-cell function should be evaluated. We 

found intriguing changes in T-cells after OXA-NP administration. Most notably we found 

a significant increase in T-cells infiltrating the brain after OXA-NP treatment. Depletion 

of T-cells from brain tumors is a considerable hurdle which limits anti-tumor T-cell 

responses and limits the utility of many immunotherapies which are dependent on T-cell 



176 
 

function [363]. OXA-NP treatment results in increased infiltration of T-cells, but their role 

and the potential impact on the tumor is unclear.  

Next, opportunities to target OXA-NPs to GBM cells and tumor-supporting cells 

in the microenvironment should be explored.  A major goal of advanced delivery systems 

for GBM is to achieve specific delivery of therapeutics to invasive glioma cells while 

minimizing toxicity to adjacent healthy brain tissue [329,364]. Targeting therapeutic 

particles to tumor cells is expected to maximize cancer cell death, minimize toxicities, and 

improve the overall pharmacokinetics by reducing the clearance and enhancing retention 

of the drug [364]. Brain-penetrating NPs can be targeted to GBM cells, to improve 

therapeutic delivery by both overcoming challenges presented by the CNS and through 

GBM cell-specific distribution [42]. An emerging GBM drug delivery portal is the cell 

surface molecule fibroblast growth factor-inducible 14 (Fn14). Fn14 is a member of the 

tumor necrosis factor receptor (TNFR) superfamily [365,366]. Fn14 may be a preferable 

GBM target compared to previously investigated surface molecules such as IL13R2 [367-

369] and EGFRvIII [370,369,367,368] because (i) there is minimal expression in healthy 

brain and most GBM tumors are Fn14-positive (~80%) [371], (ii) Fn14 is overexpressed 

on invasive glioma cells [371] and (iii) Fn14 undergoes constitutive receptor 

internalization, which could facilitate therapeutic agent delivery [372]. Furthermore, Fn14 

expression increases with glioma grade and correlates with patient survival [371]. 

Therefore, Fn14 targeting is likely to improve therapeutic delivery to invasive glioma cells, 

while minimizing off-target effects in the healthy brain.  

Finally, the therapeutic efficacy of OXA-NPs should be evaluated, particularly the 

effect of OXA-NPs on overall survival in GBM models. It remains unclear if STAT3 
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inhibition and the reported large alterations in the GBM microenvironment following 

OXA-NP treatment would be sufficient to alter the course of the disease in models of GBM. 

The work presented in this dissertation focused on defining the effects of OXA and OXA-

NPs on glioma cells and cells of the glioma microenvironment. It remains to be determined 

if these effects will translate to improved survival in vivo. If OXA-NPs do not improve 

animal survival, then a combination of OXA-NPs with other therapeutics, particularly 

immunotherapies, holds great potential. OXA-NPs induce large changes in the GBM 

microenvironment, including a significant influx of immune cells. The large influx of 

inflammatory cells may maximize the potential of immunotherapeutic by recruiting a large 

population of immune cells to the tumor site, which may be poised for synergistic 

modulation by additional immunotherapy. Regardless, the evidence here supports the 

continued investigation of OXA-NPs for the treatment of GBM. 
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