
Graduate Theses, Dissertations, and Problem Reports 

2023 

Right Treatment Wrong Time: Immunotherapy Administration Right Treatment Wrong Time: Immunotherapy Administration 

Post-Radiotherapy Decreases Tumor Burden in a Preclinical Post-Radiotherapy Decreases Tumor Burden in a Preclinical 

Model of Brain Metastasis Model of Brain Metastasis 

Kathryn Elizabeth Blethen 
West Virginia University, keblethen@mix.wvu.edu 

Follow this and additional works at: https://researchrepository.wvu.edu/etd 

 Part of the Other Pharmacy and Pharmaceutical Sciences Commons, and the Pharmaceutics and 

Drug Design Commons 

Recommended Citation Recommended Citation 
Blethen, Kathryn Elizabeth, "Right Treatment Wrong Time: Immunotherapy Administration Post-
Radiotherapy Decreases Tumor Burden in a Preclinical Model of Brain Metastasis" (2023). Graduate 
Theses, Dissertations, and Problem Reports. 12282. 
https://researchrepository.wvu.edu/etd/12282 

This Dissertation is protected by copyright and/or related rights. It has been brought to you by the The Research 
Repository @ WVU with permission from the rights-holder(s). You are free to use this Dissertation in any way that is 
permitted by the copyright and related rights legislation that applies to your use. For other uses you must obtain 
permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license 
in the record and/ or on the work itself. This Dissertation has been accepted for inclusion in WVU Graduate Theses, 
Dissertations, and Problem Reports collection by an authorized administrator of The Research Repository @ WVU. 
For more information, please contact researchrepository@mail.wvu.edu. 

https://researchrepository.wvu.edu/
https://researchrepository.wvu.edu/
https://researchrepository.wvu.edu/etd
https://researchrepository.wvu.edu/etd?utm_source=researchrepository.wvu.edu%2Fetd%2F12282&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/737?utm_source=researchrepository.wvu.edu%2Fetd%2F12282&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/733?utm_source=researchrepository.wvu.edu%2Fetd%2F12282&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/733?utm_source=researchrepository.wvu.edu%2Fetd%2F12282&utm_medium=PDF&utm_campaign=PDFCoverPages
https://researchrepository.wvu.edu/etd/12282?utm_source=researchrepository.wvu.edu%2Fetd%2F12282&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:researchrepository@mail.wvu.edu


  

Right Treatment Wrong Time: Immunotherapy Administration 
Post-Radiotherapy Decreases Tumor Burden in a Preclinical 

Model of Brain Metastasis 
 

Kathryn E. Blethen, B.S. 
 
 

Dissertation submitted 
to the School of Pharmacy 
at West Virginia University 

 
 

in partial fulfillment of the requirements for the degree of 
 
 

Doctor of Philosophy in 
Pharmaceutical and Pharmacological Sciences 

 
 
 

Paul R. Lockman, Ph.D., B.S.N., Chair 
Marina Galvez-Peralta, Pharm.D., Ph.D. 

Ahmad Hanif, Ph.D. 
Salik Hussain, D.V.M., Ph.D. 

Edwin Wan, Ph.D. 
 

Department of Pharmaceutical and Pharmacological Sciences 
Robert C. Byrd Health Sciences Center 

 
 

Morgantown, West Virginia 
2023 

 
 

Keywords: Brain metastases, lung cancer, radiation therapy, blood-tumor 
barrier, immunotherapy, permeability 

 
 
 

Copyright 2023 Kathryn E. Blethen 
 



  

ABSTRACT 
 

Right Treatment Wrong Time: Timed Immunotherapy Administration Post-
Radiotherapy Decreases Tumor Burden in a Preclinical Model of Brain Metastasis 

 
Kathryn E. Blethen 

 
This dissertation (a) provided an in-depth literature review of methods to modulate the 
blood-brain and blood-tumor barriers to increase drug delivery and efficacy in brain 
metastases, (b) evaluated the effects of whole-brain radiation therapy on the blood-brain 
barrier in immunocompetent and immunocompromised mouse models and proposed a 
mechanism by which the immune response to radiation disrupts the blood-brain barrier, 
and (c) developed a syngeneic lung cancer brain metastasis model to determine the 
impact of coordinated immunotherapy administration with radiotherapy. The blood-brain 
barrier is an impediment to drug delivery to the brain. The inherent leakiness of the blood-
tumor barrier does not allow cytotoxic concentrations of drugs to accumulate within the 
tumor bed. Methods to modulate the barrier are necessary to increase delivery and 
efficacy of therapeutics. Whole-brain radiation therapy increases blood-brain barrier 
permeability in a time- and size-dependent manner in immunocompetent, but not 
immunocompromised mice. Our findings indicate a window of time that may allow greater 
drug accumulation post-radiotherapy. Combining immunotherapy and radiotherapy has a 
synergistic effect. Our data demonstrate the impact immune response and treatment 
sequencing have on brain tumor burden. 
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 Chapter 1 

Introduction 

 

The blood-brain barrier (BBB) is the tightly regulated physiochemical barrier 

between the systemic circulation and the brain. The components of the BBB 

include endothelial cells, pericytes embedded in a basement membrane, and 

astrocytic end feet wrapped around the outer layer. In a healthy state, the 

primary functions of the BBB are neuroprotection and maintenance of 

homeostasis. However, the barrier becomes disrupted and dysfunctional with 

various disease pathologies, including Alzheimer’s Disease, epilepsy, and brain 

tumors. 

In the presence of brain metastases, the barrier is heterogeneously disrupted 

and referred to as the blood-tumor barrier (BTB). Although the BTB is leaky, it 

still restricts the distribution of therapeutics into brain lesions below cytotoxic 

concentrations. Drug delivery across the BTB remains a challenge to the curative 

treatment of patients with brain tumors.  

The most common cancer types to metastasize to the brain are breast cancer, 

lung cancer, and melanoma. Approximately 50% of all cases of brain metastases 

are due to primary lung tumors. Unfortunately, lung cancer brain metastasis 

(LCBM) patients have poor prognosis, with most patients succumbing to the 

disease within 12 months of the development of CNS symptoms regardless of 

treatment strategy. Treatment options for brain tumors are scarce, including 

stereotactic radiosurgery (SRS), whole-brain radiation therapy (WBRT), surgical 
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resection, and/or systemic therapy (chemotherapy, targeted therapy). Currently, 

there is no available cure for brain tumors, only options to manage symptoms and 

prolong life by a few months.  

In 2017, the American Society of Clinical Oncology (ASCO) and Friends of 

Cancer Research submitted recommendations to the U.S. Food and Drug 

Administration (FDA) to allow patients with brain metastases to participate in clinical 

trials. Before this, the majority of clinical trials excluded patients with brain 

metastases due to their poor outcomes regardless of treatment. Consequentially, 

brain metastasis falling under exclusion criteria has further delayed the development 

of potential treatment strategies for this vulnerable patient subset.  

Alternative routes of drug administration, novel drug formulations, and 

techniques to disrupt the BBB have shown promising results in preclinical 

studies, but have yet to provide significant survival benefits in the clinic. In this 

dissertation, we investigate the use of combinatorial radiotherapy and 

immunotherapy to treat LCBM. First, we establish a window of time following 

WBRT where the immune response is activated, BBB is disrupted, and efflux 

transport is decreased. We then develop a novel syngeneic mouse model which 

is utilized to evaluate the efficacy of immunotherapy. Lastly, we demonstrate the 

importance of timed immunotherapy administration with radiotherapy. 

Chapter 2 provides an in-depth review of the BTB, a comparison of the altered 

BTB of primary brain tumors and brain metastases, effects of therapeutics on the 

blood-tumor barrier, and mechanisms to increase drug delivery across the barrier. 

Preclinical and clinical data are discussed with recent advances to treat brain 

metastases. 
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Chapter 3 investigates the magnitude of BBB disruption following WBRT in 

immunocompetent and immunocompromised mice. Additionally, inflammatory 

markers were quantified in brains and serum post-radiation. A potential 

mechanism for T-cell specific BBB disruption in response to WBRT is provided. 

Chapter 4 describes the development and characterization of a novel 

syngeneic lung cancer brain metastasis preclinical animal model. This model 

was used in immunocompetent and immunocompromised mice to evaluate the 

efficacy of WBRT and timed administration of immunotherapy. Total brain tumor 

burden, survival, and percent weight loss were carefully monitored and reported. 

In summary, this dissertation contributes a comprehensive discussion of the 

blood-brain and blood-tumor barriers, describes the challenges of treating 

LCBM, and suggests an opportunity for immunotherapy and radiotherapy to 

improve survival outcomes. These data highlight the importance of further 

characterization of the effects of the immune response to various disruptive 

techniques on the blood-brain and blood-tumor barriers. Additionally, an LCBM 

preclinical model for use in immunotherapy studies was developed and utilized. 

The overall goal of this work was to understand the effects of the immune 

response to radiotherapy on blood-brain and blood-tumor barriers to help 

develop more effective treatment strategies for patients with LCBM.  
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Chapter 2 
 

Modulation of the blood-tumor barrier to enhance drug 

delivery and efficacy for brain metastases. 

 
 

2.1 Blood-Brain Barrier (BBB) and Blood-Tumor Barrier (BTB) 
 

The BBB is comprised of a neurovascular unit (NVU) consisting of capillary 

endothelial cells, pericytes, astrocytes, and a basement membrane [1] The 

innermost layer of the BBB is formed by endothelial cells which establish a 

barrier between circulating blood and the brain parenchyma [2]. A basement 

membrane of extracellular matrix and pericytes envelops the endothelial cells to 

support structural integrity [3]. Astrocytic endfeet are located along the 

outermost layer of the NVU and play a significant role in regulatory processes 

such as K+ buffering, brain pH, and other metabolic processes [4]. Interactions 

between these cells and their microenvironment are vital to maintain BBB 

integrity and brain homeostasis. However, when cancer cells displace 

endothelia from the other NVU cells the BBB breaks down and solute movement 

whether passive or actively transported is altered. It is important to note most of 

what is known about the BBB and BTB is due to preclinical work in mouse 

models. 

 
 

2.1.1 Brain Metastases vs Glioblastoma 
 

The BTB restricts chemotherapeutic efficacy and contributes to tumor 

progression in both primary and metastatic brain tumors. Glioblastoma (GBM) is 
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the most common, malignant primary brain tumor characterized often by a 

hypoxic necrotic center and invasive growth into normal brain tissue [5]. 

Disruption of the BBB by invasive GBM was long considered uniformly leaky but 

is now understood to have a nonuniform, heterogeneous microvasculature 

composition with increasing distance from the tumor core [6]. In early states, that 

is, low-grade glioma, the BBB remains nominally intact and little disruption is 

present as the tumor relies on the normal brain microvasculature [7]. However, 

this changes dramatically as the tumor grows and progresses into a higher 

grade glioma where tumor cells, through a variety of molecular signals, drive the 

separation of endothelial tight junctions, dissociation of astrocytic processes, and 

recruitment of differential pericyte populations [8] Malignant GBM cells are also 

highly migratory and remodel the extravascular basement membrane through 

release of several soluble factors and induction of a cascade of protumorigenic 

pathways [4, 9, 10]. These properties help promote both chemotherapeutic and 

radiation therapy resistance as the leading edge of the tumor continues to 

expand and co-opt existing brain capillaries [7].  

In contrast to the development of GBM, metastatic brain tumors arise from a 

peripheral primary tumor location. The most common cancer types contributing 

to the formation of brain metastases are lung, breast, and melanoma [11]. Initial 

steps of lesion formation are similar to immune cell trans-endothelial migration, 

which include tethering, rolling, adhesion, and diapedesis [12]. Extravasating into 

the brain parenchyma beyond the endothelia level has been observed to take 

longer than in other organs ranging between 2 and 14 days depending upon 

primary tumor type [13, 14]. As the metastatic cells continue to grow beyond the 
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BBB, nutrient and oxygen demand increase leading to vascular co-option, a 

process by which tumor cells alter the existing brain microvasculature [15]. 

Simultaneously, angiogenesis occurs to provide cancer cells with nutrients to 

support proliferation and survival. The immature vessels formed during this 

process are fenestrated and lack endothelial tight junction protein complexes 

allowing increased vascular permeability [16]. These immature capillaries are 

“leaky” compared to normal BBB capillaries [17]. While the lesion continues to 

grow in size, the tumor becomes more hypoxic and secretes vascular endothelial 

growth factor (VEGF) to induce more angiogenesis [18]. This dynamic process 

contributes to BTB permeability. Interestingly, no correlation has been observed 

between lesion size and vascular permeability in preclinical brain metastasis 

models [17,19, 20]. Clinically, substantial intra- and inter-tumoral heterogeneity 

exists among brain metastases in the same brain [17, 21, 22]. Differences 

between the BBB and BTB are shown in Fig 2.1. 

 
2.1.2 Heterogeneity of Blood-Tumor Barrier in Brain Metastases 

 
There are relatively few studies comparing the vascular permeability of 

metastatic brain lesions (regardless of type) to a primary tumor. The data 

presented are often difficult to reconcile due to varying methods clinically 

available and disparities in how a given method is conducted. For example, in 

comparing data between CT perfusion studies for astrocytomas and GBM vs 

central metastatic lesions from lung, breast, and melanoma the permeability 

values (rPSmax) for primary tumors are largely 10 times the values of metastasis 

lesions in the brain. Though it should be noted astrocytoma values fell more in 
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line with metastatic lesions compared to the primary tumors [23, 24]. While these 

data generally agree with preclinical data using Ktrans, calculations obtained 

with MRI show metastases have approximately 2/3rd of primary tumor 

permeability measurements [25]. However, these data were a compilation of 

several lesion types, which could be the driving factor for this difference.  

The BTB is anatomically different in brain metastases of breast cancer 

compared to a primary CNS tumor, which may help mechanistically explain 

variability and differences in permeability. The density of blood vessels in brain 

metastases of breast cancer lesions in mice is 40%-80% less than the vascular 

density of normal brain. Further, and more critical to this discussion the vascular 

density of the metastatic lesion is often only 12%-15% of a GBM [26]. Vascular 

density alone suggests permeability would be reduced in the lesion compared to 

the primary tumor. However, the defects in the respective BTB vasculature are 

also indicative. In preclinical glioma models, the size of the vascular defect (pore; 

cylindrical opening through the endothelial wall) is at a minimum of ~150 nm in 

size. This opening is large enough for antibodies to freely penetrate from the 

blood to the tumor. However, the pore size within metastases in the brain is 

roughly ~5-9 nm in diameter, though there is likely variability of actual pore sizes 

in the vasculature within and between the various lesions in the same brain [27]. 

The data suggest while the metastatic lesion will enhance with MRI, trastuzumab 

at an approximate size of 5.5-6 nm will be restricted from diffusing across 

vascular pores into the metastatic lesion to the degree it would have a clinical 

effect. 

Our preclinical work generally agrees the BTB in metastatic lesions have 
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permeability values less than a primary tumor, but also have some degree of 

compromise regardless of the lesions size, location, and/or tumor type [20,27–

34] Though, there is subtly in this assertion. The vascular permeability in brain 

metastases can range from 1.1- to 100-fold, depending on the polarity and size 

of the marker. For example, the small (104 Da) charged zwitterion amino-

isobutyric acid (AIB) penetrates lesions from 1.1-fold to upwards of 35-fold 

higher compared to the normal brain vasculature. The marker AIB is a small 

water-soluble marker that should easily penetrate defects induced in the 

vasculature within a metastatic lesion. However, water-soluble molecules such 

as antibodies (~150 kDa) have significantly less permeability through the BTB 

defects (~1.01- to ~3-fold; compared to normal brain). 

Clinically, there are reports of a subset of breast cancer brain metastases that 

poorly or do not enhance with MRI, yet a large majority do. For the lesions that 

enhance, it may not be uniform throughout the lesion, leaving detection of total 

tumor mass difficult at times [35]. Our preclinical data strongly agree with the 

heterogeneity of permeability seen within a lesion and between lesions in the 

same brain. When evaluating the distribution of lesion permeability of a small 

molecular weight marker the majority of lesions (~80%) had permeability 

increases of 1.5- to 3-fold and only 10% of lesions had permeation increases of 

greater than 10 compared to normal brain [17]. A very similar pattern of 

variability is seen when looking at permeability within a single lesion. We have 

observed permeability variances can range as much as 1.1- to 25-fold [17]. 

There have been reports in the literature regarding the positive correlation 

between increasing size [36] and nuclear compactness [37] with permeability 
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increases. However, we have evaluated thousands of lesions across multiple 

sized markers, and different preclinical brain metastases models and 80% of the 

lesions fail to significantly associate size and increases in permeability [17], 

which agrees with other data obtained with MRI [35]. We have observed 

quantifiable permeability increases, albeit sometimes subtle, in nearly every 

metastatic brain lesion. It should be noted for us to quantify the slight 

permeability increases, we use quantitative multimodal fluorescent and laser 

phosphorescent autoradiography to detect spatial permeability changes at a 1-

micron resolution and drug tissue concentrations of 1 femtogram [38]. This 

technique was adapted from prior double or triple autoradiography techniques 

[39] and is well suited to study preclinical metastases since it has <1-μm 

resolution and with 14C-phosphorescence, tracer distribution can be mapped in 

10-μm pixels at levels (~0.3 nCi/g). The variability in permeability has significant 

implications for the effective delivery of chemotherapeutics within and between 

lesions in the same brain. 

Despite the breakdown of the BBB in brain metastases of breast cancer, it still 

significantly restricts drug delivery and inhibits cytotoxicity in ~90% of CNS 

metastases [20, 27, 34]. The poor delivery of chemotherapy within the brain 

lesion provides a sanctuary for the lesion to progress, in the presence of sub-

therapeutic chemotherapy concentrations, within the brain microenvironment. 

Many chemotherapeutics exhibit restricted distribution because permeability 

increases are inadequate and or they are removed by efflux transporters that 

remain highly active despite the breakdown of the vasculature [22, 28]. This 

phenomenon we have observed for paclitaxel and doxorubicin [40, 41] as well as 
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trastuzumab, lapatinib, and vorinostat [38, 42, 43]. 

 

2.1.3 Drug Delivery for Brain Metastases 

Although many successful compounds have shown effectiveness in treating 

peripheral tumors with targeted agents, the same cannot be said for treating 

brain tumors. This lack of success may be due to inadequate delivery of 

otherwise effective compounds. Many factors affect how these drugs are 

delivered to the brain, but one major challenge is a heterogeneously leaky BTB. 

Future success of brain cancer therapeutics depends on the delivery of active 

drugs to the target at efficacious concentrations, which may include 

combinations of targeted drugs tailored to each patient’s tumor type [44]. 

Traditional cytotoxic therapeutics have played a limited role in the treatment of 

brain metastases. The distribution of systemically administered chemotherapies 

is hampered by the BTB, which is frequently disrupted in patients with brain 

metastases [45, 46]. We analyzed over 2000 brain metastases in different 

preclinical models of metastatic breast cancer (human 231-BR-HER2 and 

murine 4T1-BR5) and found in over 89% of lesions, there was a partial 

compromise in BTB permeability. Nevertheless, the concentration of drugs only 

reached lethal levels in a small fraction (10%) of the most permeable metastases 

[17]. Several trials evaluating the use of systemic drugs in patients with brain 

metastases have failed to demonstrate notable response rates, including 

cisplatin and pemetrexed [47, 48], cisplatin and vinorelbine [49], paclitaxel and 

cisplatin [50] and temozolomide [51, 52]. 

Targeted therapies utilized to treat brain metastases have minimal brain 
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distribution. Only 5% administered dose of Trastuzumab, which targets HER2+ 

breast cancer, is found in brain lesions in preclinical mouse models [34]. 

Clinically, the ratio of trastuzumab in serum to cerebrospinal fluid is 420:1 [53]. 

Often a factor limiting drug delivery to brain metastases is the high degree of 

expression of ABC efflux transporters at the BBB and BTB. In preclinical studies, 

there is strong evidence for the interaction of vemurafenib, dabrafenib, 

trametinib, palbociclib, cobimetinib, doxorubicin, and paclitaxel being effluxed by 

P-gp (P-glycoprotein) and BCRP (breast cancer resistance protein). The brain 

concentrations achieved by most of these drugs are less than 10% of their 

plasma concentrations (Table 2.1). Moreover, the multidrug resistance protein 1 

(MRP1) receptor acts by promoting drug resistance [54] along with active efflux 

of drugs. This provides an additional challenge to achieving optimal drug 

concentrations across the BTB [55] 

 

2.1.4 Immunotherapy for Brain Metastases 

Although the CNS was once considered immune privileged, studies have 

shown immune cells, specifically T cells, cross the BBB to perform immune 

surveillance [56]. Brain metastases are now being researched as possible 

targets for a variety of immunotherapies, such as checkpoint inhibitors and 

adoptive cell therapy (ACT). However, the microenvironment of solid tumors can 

evade immune responses by impeding the infiltration of immune cells into the 

tumor, contributing to the variability in responses seen among patients [57].  

Checkpoint protein receptors, such as CTLA-4 (cytotoxic T-lymphocyte-

associated antigen 4) and PD-1 (programmed death 1), are expressed on T 
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cells. These checkpoints block immune responses and allow the tumor cells to 

evade the immune system. When checkpoints are inhibited, T cells are activated 

by the primary tumor and then kill the cancer cells. Examples of immune 

checkpoint inhibitors are ipilimumab, which blocks CTLA-4, and pembrolizumab 

and nivolumab, which block the ligand PD-L1. Checkpoint immunotherapy is in 

clinical trials for patients with brain tumors, including advanced metastases and 

GBM. A 2010 study of individuals initially treated for metastatic melanoma which 

allowed enrollment of patients with treated CNS metastases was the first study 

to establish ipilimumab treatment improved survival [58]. In addition, 

pembrolizumab and nivolumab have been clinically assessed for efficacy in 

patients with melanoma and lung cancer brain metastasis [59]. Increased PD-L1 

and CTLA-4 expression are indicative of therapeutic efficacy. In a study of 

patients with melanoma brain metastases, patients with tumor PD-L1 expression 

of 5% or more had a higher chance of benefiting from combination therapy 

(nivolumab and ipilimumab) than those with <5% tumor PD-L1 expression [60]. 

Some issues have arisen as a result of the increased use of checkpoint 

inhibitors. Tumor inflammation and pseudoprogression, which are often seen on 

imaging, may cause additional symptoms and make tumor growth assessment 

difficult [61]. The ability to successfully target brain metastases only among 

certain patients, such as those expressing high levels of PD-L1, may be a 

potential limitation of checkpoint inhibitors [62]. These limitations are significant 

in some patients to the degree that they may have little to no benefit from the 

currently available checkpoint inhibition therapies. The efficacy of immune 

checkpoint inhibitors on brain metastases is dependent on the ability of T cells to 



13 

become activated by the primary tumor, cross the BBB and/or BTB, and attack 

tumor cells in the brain [63]. Most of the data reported for checkpoint inhibitors in 

brain metastases have combinatorial therapy with other immunotherapeutic 

agents, radiation, chemotherapeutic agents, or neurosurgery. Additional studies 

are necessary to explore these challenges and determine how to successfully 

target tumor cells in the brain. 

ACT is a procedure that involves the transfer of autologous immune cells to a 

recipient to induce an antineoplastic effect [64]. Cells from the primary tumor site 

or peripheral metastases are cultured in vitro with cytokines and lymphocytes. 

The immune cells are expanded and re-infused to the patient. One of the most 

common ACT to treat brain metastases is chimeric antigen receptor T-cell (CAR 

T-cell) therapy. Chimeric antigen receptors (CARs) are synthetic immune 

receptors instructing T cells to kill tumors by recognizing unique surface proteins 

on tumor cells [65]. The initial CD19 CAR T-cell ACT for metastatic melanoma 

raised hope for this treatment strategy against brain metastases. A study from 

2000 to 2010 identified a subgroup of patients (9.85% of 264 patients) with 

melanoma brain metastases and treated them with ACT using either autologous 

tumor-infiltrating lymphocytes or lymphocytes designed to express a T-cell 

receptor to recognize melanocyte differentiation antigens. Nine of the patients 

achieved a complete response in the brain and 7 patients reached an overall 

partial response [66].  

Although ACT for brain tumors is still in the early stages of development and 

clinical responses are often unsuccessful, these results demonstrate T-cell 

therapy has potential clinical benefit for patients with brain metastases. Tumor 
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heterogeneity has rendered CAR T-cell treatment for brain and other solid 

cancers challenging. In fact, this treatment has yet to be proven efficacious in 

solid tumors. The performance of CD19 CAR T cells emphasizes the importance 

of a CAR target commonly distributed across tumors. Discovering unique 

antigens in brain tumors has proven difficult because they express many 

markers found in normal brain regions (eg, CD133, CD44, Nestin, GFAP) and 

nonspecific cytotoxic effects in the CNS are much less tolerable than in most 

other areas of the human body [65]. Clinical CAR T-cell studies have also 

reported points of restraint for neurotoxicity and lethal cerebral edema, 

highlighting the life-threatening risks of immune-inflammatory responses in the 

CNS [67]. Almost 12%-32% of patients treated with CAR T cells suffer from 

extreme neurotoxicity which includes symptoms of confusion, delirium, and 

seizures. The extent of these neurologic toxicities is referred to as CAR T-related 

encephalopathy syndrome (CRES). A study by Gust et al reported patients with 

severe neurotoxicity may have endothelial cell activation which includes 

intravascular coagulation, capillary leakage, and increased BBB permeability. 

The cerebrospinal fluid contained high concentrations of inflammatory cytokines 

leading to pericyte stress, activation of endothelial cells, and further damage to 

BBB integrity [67].  

Immunotherapy for brain metastases has come a long way since its 

establishment. The interplay between activating the immune system against 

tumors while limiting neurotoxic effects is a complex balance. T cells naturally 

cross the BBB, but the main hurdle with this treatment is determining the proper 

antigen to activate the cytotoxic T cells. More research is necessary to solidify 
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this as an effective therapy for patients with brain metastases. 

 

2.2 Modulation of BBB Permeability 

Bevacizumab is a recombinant humanized monoclonal immunoglobulin G1 

antibody that binds to VEGF to decrease endothelial proliferation and formation 

of new blood vessels [68]. Bevacizumab in primary brain cancer, such as GBM, 

is well known to improve progression-free survival when used alone and/or in 

combination with chemotherapeutic agents [69]. The objective of bevacizumab is 

to normalize the vasculature of the tumor and improve oxygenation to aid in 

delivery of anti-cancer drugs. Bevacizumab also contributes to normalization of 

the blood vessels in the tumor with low permeability, hence leading to decreased 

penetration of drugs. Additionally, these tumors would become more invasive by 

co-opting normal blood vessels [70]. Preclinical studies suggest long-term use of 

bevacizumab leads to decrease in BBB permeability [71]. 

Recently, bevacizumab has been studied in combination with radiation 

therapy. The REBECA trial was the first clinical trial to study the effects of 

bevacizumab and whole-brain radiation therapy in patients with brain 

metastases. Results demonstrated a synergistic effect between the two 

treatment modalities [72]. One study combining bevacizumab with stereotactic 

radiosurgery improved treatment efficacy and reduced edema in a study of 

patients with lung cancer brain metastases [73]. Clinical studies in GBM patients 

show increased progression-free survival in phase II and III trials, but little to no 

change in overall survival [74, 75]. Bevacizumab is more efficacious as a 

preventative treatment for brain tissue necrosis than as a tumor treatment with 
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radiotherapy [76].  

Matrix metalloproteinases (MMPs) are zinc-dependent endopeptidases with 

the primary function to degrade extracellular matrix. These MMPs have role in 

breast cancer initiation, growth, angiogenesis as well as activation of growth 

factors. Currently, MMP inhibitors are being studied to evaluate their efficacy in 

breast cancer. While the use of MMP inhibitors in several brain diseases such as 

intracerebral hemorrhage, cerebral ischemia, and cold injury has shown to 

decrease the BBB permeability, there is no concrete evidence to support its 

efficacy with brain tumors. Studies show MMPs contribute to tumor cells entering 

and exiting the vasculature to seed in metastatic sites throughout the body. 

Although results are inconclusive if MMP inhibitors can treat brain metastases, 

they could potentially prevent metastatic malignant cells invasion [77]. The role 

of MMP and its inhibitors may be investigated further in brain metastases [78]. 

Aquaporins (AQPs) regulate intra-/extracellular water balance by 

transportation of fluid across the plasma membranes. Among 13 subtypes of 

AQP, AQP4 is most abundantly present in the brain and is responsible for 

cytotoxic edema. Since AQP inhibitors including cryoablation have been in use 

for the clinical management of breast cancer, inhibition of AQP may be used as 

an adjunct treatment to lower the BBB permeability [79].  

Dexamethasone is a corticosteroid with anti-inflammatory effects and low 

mineralocorticoid activity. Among several roles in cancer management, 

dexamethasone is widely used in controlling pain, nausea, and fatigue. Clinical 

and preclinical reports suggest dexamethasone can dramatically decrease the 

BBB/BTB permeability as well as regional vascular tight junction structure [80]. 
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2.2.1 Treatments to Increase BBB Permeability 

Lack of BBB permeation of therapeutics has fueled research into techniques 

to increase BBB permeability to increase distribution of drugs into brain and 

tumor lesions. MRI-guided focused ultrasound is a relatively newer technique for 

BBB/BTB disruption. The delivery of focused ultrasound at higher energies is 

able to ablate a tumor mass within the brain (high-intensity focused ultrasound 

[HIFU]). However, at lower energies in the presence of vascular gas-filled 

microbubbles (low-intensity focused ultrasound [LIFU]) the LIFU causes a BBB 

opening.  

The LIFU-mediated increase in BBB permeability occurs by a combination of 

physical effects on the NVU and secondary inflammatory responses [81]. Under 

the exposure of focused ultrasound, microbubbles undergo oscillations within the 

vasculature impacting the endothelial cell membrane. The exerted pressure of 

the microbubble against spaces between endothelia transiently increases the 

aqueous diffusion of drugs into the brain. The secondary effect of acoustic 

cavitations includes sterile inflammation. After LIFU, there is a release and 

elevation of heat-shock protein 70, IL-8, TNF-α, and damage-associated 

molecular patterns in the parenchyma [82]. Aravantis et al examined the effect of 

focused ultrasound with the uptake of two relevant chemotherapies, doxorubicin 

and ado-trastuzumab emtansine83 in a HER2 amplified estrogen-dependent 

model of breast cancer brain metastasis. They observed a 7-fold increase in 

doxorubicin brain uptake and 2-fold increase in the antibody-drug conjugate. 

Similarly, trastuzumab plus LIFU increased median survival and reduced tumor 
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volume as compared to non-treated group in a Her2 and neu positive model of 

brain metastasis of breast cancer [84]. Despite evidence of preclinical success, 

LIFU parameters such as including power, cavitation dose, and duration of 

sonication needs to be elucidated to achieve consistent and reliable BBB/BTB 

opening in clinical studies. 

While radiation remains the standard of care treatment therapy for most brain 

malignancies, it has been shown that low doses of radiotherapy may enhance 

BTB permeability to chemotherapy. For example, early work demonstrated that 

CNS irradiation of 60Gy caused BBB and BTB leakage of horseradish 

peroxidase, loss of capillary networks, white matter necrosis, and cortical 

atrophy. These effects were ameliorated 6- to 12-week post-radiation injury [85]. 

Later work demonstrated effects were dose-dependent and fractionated doses 

up to 20-30 Gy increased BBB permeability without producing acute or chronic 

side effects. 

Increased permeability following radiotherapy occurs by a primary 

physiological effect on the brain endothelium followed by a secondary 

neuroinflammatory response. The inflammatory response may be through an 

extracranial abscopal effect where radiation damage at the endothelia causes a 

release of tumor-associated antigens. Direct effects of radiation include a 

decrease in tight junction protein expression, decreased endothelial cell density, 

endothelial apoptosis, and higher transcellular transport. Acute effects post-

radiotherapy are initiated by inflammatory mediators like activated astrocytes 

and microglia, TNFα, IL-6, ICAM-1, and IL-1β. 

Reports regarding the extent and time course of radiation-mediated BBB/BTB 
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opening are not consistent. A study by Yuan and colleagues evaluating the 

effects of fractionated radiotherapy (2Gy, 5 days a week) on brain 

microvasculature showed BBB permeability did not increase until 90-day post-

irradiation [86]. They found higher vesicular activity, lower tight junction density, 

and increased number of astrocytes in the brain between 90- and 180-day post-

irradiation. However, a separate study found acute increase in BBB permeability 

24-48 hours post-radiation after a 20Gy radiation dose [87]. Interestingly, the 

radiation-induced increase in microvascular network could be rescued by anti-

TNF treatment. A 2016 preclinical study investigated the effects of radiotherapy 

on tumor burden and permeability in a breast cancer brain metastasis model. 

The study demonstrated clinically relevant doses of whole-brain radiation of 

20Gy fractions reduced tumor volumes of enhancing tumors but not non-

enhancing impermeable tumors [88]. 

Physical disruption of the BBB can also be carried out by the infusion of a 

hyperosmotic solution of mannitol (25% w/v) or arabinose into the internal carotid 

artery. Change in osmolarity of the cerebrovascular endothelial cells causes 

dilation and shrinkage of the vasculature, leading to an increase in the inter-

endothelial space. Widening between the tight junctions (approx. 200 Å) and 

contraction of endothelial cytoskeleton by calcium causes increase in the BBB 

permeability, which is highly transient and can last from a few minutes to a few 

hours [89]. In addition to higher bulk flow rates, there may also be secondary 

neuroinflammatory responses with osmotic opening. Higher brain levels of 

cytokines, tropic factors, damage-associated molecular patterns, and cell 

adhesion molecules have been observed to occur 5-minute post-infusion. 
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Moreover, sterile inflammatory responses were also observed in the contralateral 

hemispheres. Neuroinflammatory processes returned back to baseline 96-hour 

post-osmotic disruption. 

While this technique has been extensively explored in primary brain 

malignancies, its effect on brain metastasis remains unknown. The ability of 

osmotic disruption to improve delivery of temozolomide was tested in an MGMT 

negative lung cancer brain metastasis model. The study revealed BTB disruption 

enhanced temozolomide delivery within tumors by approximately 3-fold as 

compared to healthy brain. However, it is important to note BBB disruption with 

temozolomide was highly toxic and the study group was terminated. 

An alternate approach to increase BBB permeability is exploiting the activation 

of endothelial receptors through natural ligands or their analogs. Biochemical 

activation of receptors like the adenosine 2A, bradykinin type 2 (B2), calcium-

activated potassium channels, or ATP-sensitive potassium channels can 

increase endocytosis as well as downstream signaling to increase BBB 

permeation. The effect of bradykinin-induced BBB permeability is dose-

dependent, transient, and reversible [90]. A proposed mechanism for bradykinin-

induced BBB breakdown involves increase in trans-endothelial transport by 

pinocytic vesicles, as animals that were pretreated with imidazole, trifluoperazine 

or indomethacin had a decreased effect. Endogenous peptides, like bradykinin, 

increase intracellular cytoplasmic Ca2+ levels mediated by endothelial connexin 

hemichannels. Alternate downstream events include release of free radical 

oxygen species and arachidonic acid, activation of phospholipase A2, and higher 

production of IL-1β [91]. 
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While preclinical studies have promising data, clinical translation has been 

difficult. First, biochemical modulation of the BBB with bradykinin requires 

administration of high concentrations of the endogenous ligand, which can cause 

severe damage to the brain microvasculature. Secondly, bradykinin has a short 

half-life and very potent metabolites with vasoactive action. This limits the ability 

of widespread use of bradykinin in the clinic. While selective B2 agonists like 

labradimil can potentially reduce some the nonspecific side effects, it is yet to be 

effectively used within the clinic. 

In the past decade, laser interstitial thermal therapy (LITT) was developed for 

treatment of gliomas. Recent evidence suggests this procedure disrupts the BBB 

[92]. LITT is a minimally invasive ablative technique that induces cell death of 

cancerous cells while simultaneously disrupting the BBB for several weeks [93, 

94]. The mechanism behind the novel technique is based on the principle cancer 

cells are more sensitive to thermal damage than healthy cells. The therapeutic 

window of LITT, however, is small because tumor cells are damaged at 42°C 

while normal neurons are damaged at 43°C [92]. 

 

2.2.2. Manipulation of BBB Receptors to Enter the Brain 

Drugs or drug delivery systems can be designed to take advantage of the 

unique BTB in brain metastases. For example, the “trojan horse” method 

transports drugs across the BBB by attaching an antibody or peptide to a 

drug/nanoparticle to target receptors along the BBB which facilitate receptor 

transcytosis. Some of the most common receptors used for this purpose in 

different brain pathologies are transferrin receptor (TfR), insulin receptor (InsR), 
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and LDLrelated protein type 1 (LRP1) [95].  

Transferrin receptors are expressed on the luminal side of the BBB. The TfR 

uses receptor-mediated transcytosis to bind transferrin, an iron sequestering 

peptide, and shuttle iron into the brain. Using this approach, docetaxel-loaded 

micelles conjugated to transferrin had a 20.8-fold increase in comparison to free 

docetaxel [96]. A few in vivo studies have been performed targeting TfR with 

brain metastasis animal models and show positive results of increased drug 

uptake in the brain [97, 98]. A study by Wyatt et al assessed the permeability of 

transferrin-targeted nanoparticles in three different models of brain tumors: 

intracranial, intracardiac, and intravenous (tail vein). They observed different 

levels of uptake in the models. The intravenous model was the least permeable 

to their nanoparticles, followed by the intracranial model, with the intracardiac 

model being the most permeable [99]. These data highlight the importance of 

utilizing translationally relevant animal models when evaluating drug delivery to 

the brain. 

A lipid transporter (LRP1 [low-density lipoprotein receptor-related protein 1]) at 

the BBB binds to LDL and allows lipoproteins to be transcytosed across 

endothelial cells [100]. One study utilizing an in vivo model of brain metastases 

showed upregulation of LRP1 increased transcytosis of nanoparticles loaded 

with doxorubicin and increased survival of mice bearing brain metastases [101]. 

Whereas a preclinical glioma model demonstrated increased brain uptake and 

survival with angiopep-2 peptide (ligand for LRP1) conjugated to paclitaxel [102]. 

More studies are necessary to determine if LRP1 targeted drugs could be 

efficacious in clinical trials. 
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Large amino acid transporter 1 (LAT1) transports neutral L-amino acids 

across the BBB. It is overexpressed in GBM and studies using LAT1 targeting 

liposomes showed increased brain uptake in glioma models [103]. One study 

observed a 60% increase in survival with LAT1 liposomes loaded with a STAT3 

inhibitor, WP1066 [104]. The other study noted their LAT1 liposomes loaded with 

docetaxel were more cytotoxic in the gliomas of their animal model than 

docetaxel alone [103].  

Another mechanism of manipulating the BBB to deliver drugs to the brain is by 

inhibition of efflux transporters, which in theory should allow more influx of 

chemotherapeutic drugs across the BBB and/or BTB. A study in 2019 measured 

the uptake of radiolabeled erlotinib in the brains of mice after administration of 

other P-gp/BCRP substrates. There were significant increases in brain uptake of 

erlotinib, despite complete inhibition of P-gp and BCRP not being achieved. The 

most promising inhibitor, tariquidar, increased uptake of erlotinib by 69% [105]. 

Similarly, animals pretreated with valspodar, a P-gp inhibitor, had increased 

uptake of paclitaxel by almost 10-fold into the brain and resulted in decreased 

tumor burden [106]. Sorafenib, a tyrosine kinase inhibitor, in the presence of 

elacridar, predominantly a BCRP inhibitor, increased the brain-to-plasma ratio by 

5-fold [107]. Although these inhibitors were effective increasing drug 

concentrations delivered to the brain, none have significantly increased patient 

survival in clinical trials [108]. 

A clinical study with healthy male patients observed enhanced brain uptake of 

radiolabeled erlotinib when an oral dose of erlotinib was administered first. The 

study also investigated the effects of tariquidar administration on erlotinib brain 
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uptake. Tariquidar was not as effective in increasing radiolabeled erlotinib brain 

concentrations as pre-administration of erlotinib. This is hypothesized to occur 

due to saturation of the P-gp and BCRP efflux transporters. Although it is 

important to note the dosage of erlotinib used was much higher than traditionally 

recommended and has potentially toxic side effects [109]. 

 

2.3 Conclusion 

The BTB remains a hurdle in the treatment of CNS tumors. This is notably 

observed when therapeutics are effective in treating peripheral disease, yet 

treatment of CNS lesions is largely unsuccessful with the same therapy, 

presumably because of limited drug penetrance in the central lesion. Currently, 

in the clinic, mechanisms to alter the BTB of brain metastases specifically and 

increase drug uptake are unavailable. The typical regimen is to use therapeutics 

already designed to penetrate the BTB with 60%-80% bioavailability along with 

use of radiotherapy. Many techniques have been developed to improve drug 

delivery to the brain. LiFU shows efficacy in increasing BBB permeability and 

delivering drug, but more studies are needed to determine optimal treatment 

strategies. Exploitation of transporters at the BBB for drug delivery are promising 

techniques to increase brain uptake; however, this methodology remains 

nascent in the clinic. 

In the future, it may be beneficial to use BTB molecular differences to target 

treatment of brain metastases. Ongoing studies of molecular markers of the BTB 

show differences in pericyte populations, basement membrane formation, and 

astrocyte attachment to the vessels. One study evaluated vasculature growth 
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patterns of lung, colon, and breast cancer brain metastases from patients. Lung 

and colon brain metastases had fewer vessels and collagen accumulation in the 

brain parenchyma, while breast cancer brain metastases had more vessels with 

collagen accumulation in the tumor core. The vessels also had increased 

collagen along the walls, increased density and diameter of vessels, added 

layers of PDGF-β + pericytes, and detachment of astrocytes [110]. A preclinical 

study observed dilated capillaries with increased CD31 expression and desmin+ 

pericytes in a lung cancer brain metastasis model. The study noted a 12-fold 

decrease in AQP4 along the BTB, which correlates with patient samples [111]. 

Additional research is necessary to determine molecular disparities between the 

BBB and BTB for this to be an effective therapeutic target. 

Most preclinical works focused on modulation of the BBB to enhance drug 

delivery have been done in GBM models. It is important to consider the 

differences in the permeability of the BTB between GBM and brain metastases 

when developing treatment strategies. While not perfect, numerous intracranial 

tumor implantation models can mimic the BTB of central tumors, similarly, 

intracardiac mouse models produce a BTB that has similar heterogeneity of 

breakdown as clinical brain metastases. Although some preclinical studies show 

increased penetrance of drugs, this does not always correlate to decreased 

tumor burden and increased survival, since concentrations generally are sub-

therapeutic. Penetrance, accumulation, and final central lesion concentration of 

chemotherapeutics are critical for successful clinical trials. 
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Figure 2.1. Differences between the BBB and BTB. Endothelial cells in a healthy 

brain are held together by tight junction proteins and prevent paracellular transport. 

The endothelial cells are surrounded by a basement membrane embedded with 

pericytes and astrocytic foot processes along the outside (A). The BTB is leakier 

than the BBB due to lack of tight junction proteins and decreased association of 

astrocytic end-foot processes and pericytes with the barrier (B). 
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Chemotherapeutic 
Agent Cancer Type Molecular 

Target Clinical Status 
Substrate Brain-to-

Plasma 
Ratio 

Ref. 
  P-GP   BCRP 

Vemurafenib Melanoma Mutant 
BRAF Approved Yes Yes 1.00 ± 

0.19 
112, 
113 

Dabrafenib 

Melanoma, 
Non-Small 
Cell Lung 
Cancer, 
and 
Thyroid 
Cancer 

Mutant 
BRAF Approved Yes Yes 0.25 114 

Trametinib 

Melanoma, 
Non-Small 
Cell Lung 
Cancer, 
and 
Thyroid 
Cancer 

MEK Approved Yes No 2.45 ± 
1.3 115 

Cobimetinib Melanoma MEK Approved Yes No 1.1, 6.2 116 

Palbociclib Breast 
Cancer 

CDK4/
6 Approved Yes Yes 28 ± 6 117 

Doxorubicin 

Breast 
Cancer, 
Leukemia, 
Lymphoma
, Ovarian 
Cancer, 
Neuroblast
oma, Bone 
Cancer, 
and 
Thyroid 
Cancer 

Topois
omer-
ase II 

Approved Yes Yes 0.0014 118 

Paclitaxel 

Breast 
Cancer, 
Lung 
Cancer, 
Ovarian 
Cancer, 
and 
Kaposi’s 
Sarcoma 

Tubuli
n beta-
1 
chain, 
Apopt
osis 
regulat
or Bcl-
2 

Approved Yes No <3% 17, 
106 

 
 

Table 2.1. Brain-to-plasma ratio of various P-gp and BCRP substrate 

chemotherapeutic agents for the treatment of brain metastases. Brain 

concentrations of most drugs are less than 10% of their plasma concentrations. 
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Chapter 3 
 

Effects of whole‑brain radiation therapy on the blood–brain 

barrier in immunocompetent and immunocompromised 

mouse models 

 
3.1 Introduction 

The blood–brain barrier (BBB) is a selectively permeable, tightly regulated 

physiochemical barrier between the blood and brain parenchyma [1]. Endothelial 

cells are locked together by tight junction proteins and sheathed by a basement 

membrane embedded with pericytes. Astrocyte foot processes encompass the 

outermost layer. These components work together to regulate molecule passage 

into the brain [2]. Lipophilic molecules may diffuse across the barrier, but efflux 

transporter pumps, including P-glycoprotein (P-gp) and breast cancer resistance 

protein (BCRP), actively shuttle molecules back into the systemic blood 

circulation [3]. During metastasis, cancer cells infiltrate the brain parenchyma 

and as they grow displace BBB components resulting in a “leaky” blood-tumor 

barrier (BTB). Although the BTB is more permeable than BBB, it does not allow 

drug accumulation in cytotoxic concentrations at the tumor bed [4, 5]. This is one 

reason for poor prognosis and treatment failure among patients with brain 

metastases [6].  

Treatment for brain metastases includes a combination of radiation therapy, 

chemotherapy, and/or surgical resection. Depending on the size and number of 

metastases, patients receive stereotactic radiosurgery (SRS) and/or whole-brain 

radiation therapy (WBRT) [7]. In the case of multiple metastases, WBRT is most 
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commonly administered as 30 Gy in 10 fractions. While this improves overall 

survival, cognitive decline is often seen within six months of treatment.  

The timing and magnitude of WBRT vascular permeability changes are not 

well defined. Unfortunately, most studies have used variable radiotherapy doses 

and timeframes, leading to results which cannot be easily compared [8–13]. 

Nevertheless, for the literature that is consistent it appears that BBB disruption 

occurs anywhere between 24 h and 4 weeks following radiotherapy [14–16]. 

Multiple studies have shown a synergistic effect of combining radiotherapy 

with immunotherapy [17–22]. A recent report evaluating immunotherapy efficacy 

after SRS demonstrated patients with melanoma brain metastases had better 

outcomes if the immunotherapy was delivered within 7 days of radiation [23]. 

Optimal timing of immunotherapy administration with radiation is unclear and 

varies between tumor type, but is important to elicit a robust immune response 

[24]. Furthermore, local radiotherapy to the primary tumor can benefit brain 

metastases via an abscopal effect, which is hypothesized to be associated with 

heightened anti-tumor immunity [25]. Whole-brain radiation therapy induces 

neuroinflammation with aggregation of immune cells along the BBB and 

increased proinflammatory mediators in the brain, such as TNF-α. Blocking TNF-

α with a recombinant antibody reduces BBB permeability changes following 

WBRT in mice [10]. This provides evidence of the inflammatory response to 

radiation playing a role in the magnitude of BBB disruption. Majority of brain 

metastasis animal models are immunocompromised [26] and this may affect 

studies investigating BBB/BTB permeability following WBRT.  

This study aims to determine the effect of the immune response in radiation-
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mediated BBB disruption. Herein we evaluated BBB disruption and immune 

responses in immunocompetent and athymic nude immunocompromised mice 

with one dose of 15.5 Gy, which has a biological effective dose (BED) of 39.5 

Gy. This is similar to the BED of the clinical treatment regimen (30 Gy in 10 

fraction, BED = 39) [27, 28]. We hypothesized that WBRT in immunocompetent 

mice would result in a higher magnitude of BBB permeability in comparison to 

athymic immunocompromised mice. We utilized in situ brain perfusions and 

quantitative fluorescent and phosphorescent imaging to identify BBB 

permeability changes within 24 h following WBRT. A time- and size-dependent 

opening of the BBB following WBRT in immunocompetent mice was observed, 

without similar observations in immunocompromised mice. We evaluated 

presence of proinflammatory mediators in the brain and serum of 

immunocompetent and immunocompromised mice post-WBRT and observed 

increased TNF-α serum concentrations and CXCL1 brain concentrations in both 

strains. These data suggest the immune response may play a role in the 

magnitude and timing of BBB disruption following WBRT. 

 

 

3.2 Methods 

Animals 

All animal experiments were approved by the Institutional Animal Care and Use 

Committee at West Virginia University. Female C57Bl/6 and C57Bl/6 athymic 

nude mice were purchased from Jackson Laboratory (Bar Harbor, ME). All 

animals were approximately 8–10 weeks of age and 25 g during experiments. 
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Animals were allowed to acclimate for at least one week prior to 

experimentation. Irradiation protocol The XenX irradiator (Xstrahl, Suwanee, GA) 

at West Virginia University was commissioned to deliver accurate, clinically-

relevant doses of radiation as previously described [29]. C57Bl/6 and C57Bl/6 

athymic nude mice were anesthetized with 1–3% isoflurane. All animals were 

treated with whole-brain irradiation except animals administered 3 kDa Texas 

Red dextran and 14C-AIB tracers, which were treated with irradiation only on the 

right hemisphere. Sham control mice were anesthetized with 1–3% isoflurane 

and placed into the XenX irradiator for the same amount of time it takes to dose 

mice with 15.5 Gy (~ 5.5 min). 

 

In‑situ brain perfusion technique 

The in-situ brain perfusion technique was modified from Takasato et al. [30, 31]. 

Physiological buffer (2.4 nM NaH2PO4, 4.2 mM KCl, 24 mM NaHCO3, 128 mM 

NaCl, 1.5 mM CaCl2, 0.9 mM MgCl2 and 9 mM D-glucose) with 14C-sucrose 

(Moravek Biochemicals, Brea, CA) and 3H-ivermectin (Moravek Biochemicals, 

Brea, CA) was prepared, filtered, and heated to 37 °C. At various time 

points (3–24 h), mice were anesthetized with ketamine (75–100 mg/kg) and 

xylazine (6–8 mg/kg) followed by whole brain perfusion for two minutes. Brains 

were collected and sectioned into cortical tissue, subcortical tissue, cerebellum, 

and brain stem. Sections were weighed and digested with 3 mL Solvable  

(PerkinElmer, Waltham, MA) in scintillation vials overnight at 55 °C. UltimaGold 

LSC Cocktail (PerkinElmer, Waltham, MA) was added to samples, vortexed, and 

read on a Tri-Carb Liquid Scintillation Counter (PerkinElmer, Waltham, MA). 
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Integrity of the BBB is reported as increases in the vascular space (mL/g) while 

ivermectin uptake/efflux transporter activity is reported as unidirectional transfer 

constant, Kin (mL/s/g). The vascular volume and Kin were calculated as 

described previously with the equation below [30]. 

 

Tracer administration and brain processing 

TxRd 3 kDa dextran (Invitrogen, Waltham, MA) and 14C-α-aminoisobutyric acid 

(AIB) (American Radiolabeled Chemicals, Saint Louis, MO) were injected in 

concentrations of 6 mg/kg and 100 μCi/animal respectively via tail vein and 

circulated for 10 min. Brains were collected and snap-frozen in isopentane then 

stored at −20 °C until sliced. Frozen brains were sliced at 20 μm thickness using 

a Leica CM3050 cryostat (Leica Microsystems, Los Angeles, CA). 

 

Fluorescent imaging, phosphorescent imaging, and analysis 

Fluorescent analyses were performed using an Olympus MVX10 

stereomicroscope (Olympus, Tokyo, Japan) (optical zoom range 0.63–12.6, NA 

= 0.5) with a Hamamatsu ORCA Flash4.0 v2 sCMOS and 

DAPI/FITC/RFP/Cy5/Cy7 filter set. Sections were imaged using RFP (588 nm) 

channel to detect 3 kDa Texas red (TxRd) dextran. CellSens image analysis 

software (Olympus, Tokyo, Japan) was used to quantitate 3 kDa TxRd dextran 

accumulation. The same slides were placed in quantitative autoradiography 

cassettes (GE Healthcare Life Sciences, Chicago, IL) with corresponding 14C 

standards (0.1–862 nCi/g). A 20 × 40 super-resolution phosphor screen (Fujifilm 

Life Sciences, Cambridge, MA) was placed over the slides and developed for 21 
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days. Screens were read on FUJI FLA-7000 (Fujifilm Life Sciences, Cambridge, 

MA) high-resolution phosphor imager. Quantification of 14C-AIB was analyzed 

with MCID Analysis Software (Inter-Focus Imaging, Cambridge, England).  

Accumulation of 14C-AIB is reported as nCi/g while 3 kDa TxRd accumulation 

is sum intensity/area. 

 

Cytokine protein quantification 

Sample preparation for V-PLEX Proinflammatory Panel 1 Mouse kit (Meso Scale 

Diagnostics, Rockville, MD) was described previously [32]. Brains were collected 

and snap-frozen in isopentane then stored at −20 °C until time of 

homogenization. Brains were homogenized in RIPA buffer (Thermo Fisher 

Scientific, Waltham, MA) with Halt Protease and Phosphatase Inhibitor Cocktail 

(Thermo Fisher Scientific, Waltham, MA). Samples were centrifuged at 13,300 

RPM for 15 min at 4 °C. Supernatant was collected and stored at −20 °C. Pierce 

BCA Protein Assay was performed to determine total protein concentration. 

Samples were diluted and loaded on the MSD plate at the same total protein 

concentrations. Manufacturer’s protocol for the V-PLEX Proinflammatory 

Panel 1 Mouse kit was followed as described. Plates were read with Meso 

Quickplex SQ 120 (Meso Scale Diagnostics, Rockville, MD) and data was 

analyzed via MSD Discovery Workbench software (Meso Scale Diagnostics, 

Rockville, MD). Concentrations of cytokines are presented as pg/mL. 

 

Statistical analysis 

Data were analyzed and plotted with GraphPad Prism 8 software (GraphPad 
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Software, San Diego, CA). Results are presented as mean ± SEM unless noted 

otherwise. Statistical differences between two groups were assessed using 

Student’s t test. One-way ANOVA with a Tukey posttest was utilized for data with 

more than two groups. Differences were considered statistically significant at p < 

0.05 (*).  

 
3.2 Results 
BBB disruption and dysfunctional efflux transporter activity following WBRT in 

immunocompetent mice  

To evaluate BBB permeability and efflux transporter function after WBRT, we 

performed in-situ brain perfusions with trace amounts of radiolabeled 14C-sucrose, 

an impermeable marker of BBB integrity, and 3H-ivermectin, an efflux transporter 

substrate, in physiological buffer at various time points (3–24 h) post-radiation. We 

observed a significant increase in 14C-sucrose and 3H-ivermectin brain uptake 12 h 

post-WBRT in immunocompetent C57Bl/6 mice (Fig. 3.1). The 14C-sucrose uptake 

of wild-type (WT) control mice was 1.4 ± 0.2 × 10–5 mL/g and 12 h post-WBRT it 

was significantly higher (p < 0.05) at 3.6 ± 0.8 × 10–5 mL/g. In a similar manner, the 

uptake of 3H-ivermectin in WT control mice (4.7 ± 1.5 × 10–4 mL/s/g) significantly 

increased (p < 0.05) to 1.7 ± 0.6 × 10–3 mL/s/g 12 h after being treated with WBRT. 

No significant differences in 14C-sucrose or 3H-ivermectin whole brain uptake were 

observed in athymic nude C57Bl/6 mice (Fig. 3.2). Athymic nude control mice had a 

14C-sucrose uptake of 1.4 × 10–5 mL/g and 12 h post-WBRT 14C-sucrose uptake 

(1.5 ± 0.2 × 10–5 mL/g) remained non-significantly altered. The uptake of 3H-

ivermectin did not significantly change between the athymic nude control and 12 h 

post-WBRT mice, 1.1 ± 0.1 × 10–3 mL/s/g and 3.7 ± 1.4 × 10–3 mL/s/g, 
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respectively. We did not observe significant differences in the two mouse strains 

baseline 14C-sucrose uptake, however, there was a significant increase (p < 0.05) in 

the uptake of 3H-ivermectin in the athymic nude C57Bl/6 mice (Supp. Fig. 3.1). 

 

Time‑ and size‑dependent opening of the BBB post‑WBRT 

To confirm the BBB permeability alterations observed above, we completed 

additional experiments where we injected 14C-AIB (~ 103 Da) and TxRd dextran (3 

kDa) at various time points (3–24 h) after half-brain irradiation (15.5 Gy). Uptake of 

14C-AIB and TxRd dextran in the irradiated side of the brain were compared to the 

contralateral side. A significant increase in 14C-AIB and TxRd dextran uptake was 

noted 12 h post-radiation in the immunocompetent mice (Fig. 3.3A, 3.3C). Brain 

accumulation of 14C-AIB at 12 h significantly increased (p < 0.05) to 11.0 ± 1.3 nCi/g 

in the treated side compared to 7.2 ± 0.6 nCi/g in the contralateral side. For the 

larger tracer, TxRd 3 kDa dextran, accumulation in the contralateral side of the WT 

brains was 15.1 ± 0.6 SI/area while the irradiated side had a significant increase (p 

< 0.05) of 18.0 ± 0.8 SI/area. Uptake of 14C-AIB was five-fold higher than TxRd 3 

kDa dextran in WT brains 12 h post-irradiation. No differences were observed in 

14C-AIB brain uptake in the athymic nude mice (Fig. 3.3B). Accumulation of 14C-AIB 

in nude mice on the untreated side was 18.2 ± 1.2 nCi/g and did not significantly 

increase with radiation (22.7 ± 1.8 nCi/g). We observed a decrease in 3 kDa TxRd 

dextran uptake in athymic nude C57Bl/6 mice 12H post-WBRT (Fig. 3.3D). The 

contralateral side of nude mice brains was 12.2 ± 0.2 SI/area and significantly 

decreased (p < 0.05) to 11.1 ± 0.3 SI/area 12 h post-WBRT. 
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Alterations in proinflammatory cytokines in the brain and serum after WBRT 

Radiation induces changes in cytokine concentrations in the brain and serum 

[33]. To evaluate presence of proinflammatory mediators in immunocompetent and 

immunocompromised mice post-WBRT, we assessed cytokine concentrations in the 

serum and brain with a proinflammatory MSD kit, which measures concentrations of 

10 proinflammatory cytokines. The TNF-α serum concentrations were significantly 

increased in immunocompetent and immunocompromised mice (Fig. 3.4A–C). 

Concentration of TNF-α in the serum of WT mice immediately after WBRT was 

significantly higher (p < 0.05) than the control serum (19.0 ± 4.8 pg/mL and 4.3 ± 

0.1 pg/mL, respectively) (Fig. 3.4A). In the nude mice, we observed an increase in 

TNF-α serum concentration at 12 h following radiation; control mice had 4.6 ± 0.4 

pg/mL and treated mice significantly increased (p < 0.05) to 8.4 ± 0.8 pg/mL (Fig. 

3.4B). When comparing fold changes between strains, WT mice immediately 

following radiation had 3.4 ± 1.1-fold higher concentration of TNF-α in serum and 

nude mice 12 h post-WBRT was significantly lower (p < 0.05) at 0.8 ± 0.2-fold (Fig. 

3.4C). There were no significant differences in the serum concentrations of IL-1β, 

IL-2, IL-5, IL-6, IL-10, or CXCL1 in the WT or athymic nude mice following WBRT 

(Supp. Fig. 3.4, Supp. Fig. 3.5). The chemokine CXCL1 was significantly 

increased (p < 0.05) in the brains of WT mice 6 and 12 h post-WBRT with 

concentrations of 16.8 ± 1.4 pg/mL and 17.0 ± 0.5 pg/mL, respectively, in 

comparison to control concentration of 4.9 ± 0.4 pg/mL (Fig. 3.4D). The 

concentration of CXCL1 also increased in the athymic nude C57Bl/6 mice 12 h 

post-WBRT (Fig. 3.4E). Control nude mice had a CXCL1 brain concentration of 8.2 

± 0.4 pg/mL and increased significantly (p < 0.05) 12 h post-WBRT to a 
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concentration of 20.9 ± 1.5 pg/mL. There was a significant difference (p < 0.05) in 

the fold changes between the 12 h time points of the WT and athymic nude mice, 

2.5 ± 0.1-fold and 1.5 ± 0.2-fold, respectively (Fig. 3.4F). Other cytokines 

significantly increased (p < 0.05) in the brains of WT mice following WBRT were 

TNF-α, IL-2, and IL-12p70 (Fig. 3.5). There were no significant differences in brain 

concentrations of IL-1β, IL-4, IL-5, IL-6, or IFN-γ in the WT or nude mice post-

WBRT (Supp. Fig. 3.6, Supp. Fig. 3.7). Additionally, no differences were observed 

in brain concentrations of IL-2, IL-10, IL-12p70, or TNF-α in nude mice 12 h 

following radiation (Supp. Fig. 3.7). 

 
3.3 Discussion 

 Whole-brain radiation therapy promotes neuroinflammation and disrupts the 

BBB. This is demonstrated by increased expression of proinflammatory mediators 

and decreased expression of tight junction proteins [34]. The majority of work in the 

preclinical cancer research field is performed with athymic nude mice which lack 

functional T-cells [35]. It is important to determine the effects WBRT may have on 

the BBB in athymic mice and immunocompetent mice, considering patient immune 

profiles lie somewhere in between during cancer treatment [36, 37]. Understanding 

the immune response to WBRT and the downstream effects on BBB permeability 

may be useful when designing treatment plans with concurrent immunotherapy, 

targeted therapy, or chemotherapy. Herein, we investigate the relationship between 

the immune response to WBRT and the effects on BBB integrity in a time- and size-

dependent manner. 

 We observed in immunocompetent and athymic immunocompromised mice 
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BBB integrity was intact prior to WBRT, however, we observed disruption in the WT 

mice 12 h post-WBRT. These findings suggest radiation-mediated BBB permeability 

may be impacted by the presence of functional T-cells. T-cell dependent 

neuroinflammation and BBB disruption have been reported in neurodegenerative 

diseases, ischemic stroke, and chronic stress [38–41]. Interestingly, one study 

observed that transfer of non-CNS-specific activated T-cells into mice results in 

similar levels of BBB disruption as transfer of CNS-specific activated T-cells, a 

model of multiple sclerosis [42]. 

 In contrast to the BBB integrity, we observed a decrease in efflux transporter 

activity in the athymic nude mice at baseline. A significant decrease in efflux activity 

12 h post-WBRT was observed only in the WT mice, which returned to baseline 24 

h post-radiation. Numerous studies have demonstrated proinflammatory mediators 

alter expression and functional activity of efflux transporters in vitro and in vivo [43]. 

Dysfunctional efflux transport activity has also been observed in patients with 

Alzheimer’s disease. One study reported patients have efflux transport activity 

levels similar to those with pharmacological inhibitors [44, 45]. Neuroinflammation 

and presence of amyloid-β plaques are hallmarks of Alzheimer’s disease. It is 

hypothesized that the reduced efflux transporter activity contributes to poor 

clearance of amyloid-β from the brain, leading to plaque accumulation. Our data 

correspond with the current literature and indicate an immune response-dependent 

window of time during which efflux transporter function is decreased after WBRT. 

 We confirmed BBB disruption following irradiation with quantitative imaging of 

fluorescent and radiolabeled molecules of two different sizes. The small 

radiolabeled molecule, 14C-AIB (~ 103 Da), was five-fold higher in irradiated sides of 
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WT mouse brains 12 h post-WBRT in comparison to the larger molecule, 3 kDa 

TxRd dextran. Increased accumulation of the molecules was not observed in the 

athymic nude mice treated with WBRT. We have previously characterized size-

dependent BBB/BTB disruption in our brain tumor models and healthy mice treated 

with low intensity focused ultrasound [46, 47]. In both cases, molecules with lower 

molecular weights accumulate in the brain to a higher degree than high molecular 

weight molecules. These data add to our previous work and demonstrate the impact 

of the immune response to WBRT on BBB permeability is time and size-dependent. 

 The presence of proinflammatory mediators in the serum and brain following 

WBRT was measured in the two mouse strains. We observed a significant increase 

in TNF-α in the serum of WT mice immediately following radiation and athymic nude 

mice 12 h post-WBRT. The increased fold change of TNF-α in WT mice 

immediately following WBRT was significantly higher than the fold change in the 

athymic nude mice 12 h post-WBRT. In the brain, CXCL1 concentrations were 

significantly increased in WT and nude mice 12 h post-WBRT. When comparing the 

two strains in relation to their controls, WT mice had a 2.5-fold increase in their 

CXCL1 brain concentration while nude mice had a 1.5-fold increase. These data 

suggest the nude mice have a delayed, lower magnitude inflammatory response to 

WBRT. The relationship between TNF-α and CXCL1 is well documented in the 

literature [48–51]. In endothelial cells, TNF-α binds to its receptor and initiates the 

JNK and p38 MAPK signaling pathways to secrete CXCL1 [49]. Additionally, TNF-α 

increases expression of CXCR2, the receptor of CXCL1, on endothelial cells and 

enhances adherence of Th17 cells, a proinflammatory subtype of T-helper cells 

associated with neuroinflammation [50, 51]. Th17 cells then cross the BBB, cause 
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neuronal cell death, and maintain the proinflammatory environment through immune 

cell recruitment and production of IL-17. Production of IL-17 has been shown to 

decrease the expression of tight junction proteins in mouse models of multiple 

sclerosis [48]. We hypothesize this pathway is activated in response to WBRT, 

leading to BBB disruption in WT but not athymic nude mice, schematic shown in 

Fig. 3.6. 

 Our study expands on previous work in the field by highlighting the impact of the 

immune response to WBRT on BBB dysfunction, however, there are a few 

limitations to our work. First, our studies were completed using a single dose of 

radiation at 15.5 Gy. Although this is a similar BED to the clinical dosing of 30 Gy in 

10 fractions, the clinical dosing schedule may have differential effects. To determine 

the extent of altered efflux transporter activity, competitive inhibition experiments are 

needed. More work is necessary to elucidate the underlying mechanism of BBB 

disruption following WBRT in immunocompetent mice. Our previous work 

demonstrates BTB disruption in athymic nude mice post-WBRT, therefore, more 

research is required to determine the differences in WBRT-mediated BTB and BBB 

disruption with immunocompetent and immunocompromised mouse modeling. 

 
3.4 Conclusion 

The BBB is disrupted following WBRT, but the extent and timing of disruption 

vary between studies. It is necessary to understand factors which may be 

contributing to altered BBB permeability following irradiation to develop more 

efficacious treatment strategies when combining radiation with systemic 

therapy. Our work demonstrates the impact of the immune response to WBRT 

on BBB permeability in a time- and size-dependent manner. This is relevant in 



56 

the preclinical cancer research field due to the more frequent use of 

immunocompromised mice with human cancer cell lines. Our work suggests this 

may not be an accurate model of BBB permeability. Furthermore, we identified a 

window of time post-WBRT where efflux transporter activity is significantly 

decreased. Numerous anticancer therapeutics are substrates for efflux 

transporters, such as doxorubicin, vinblastine, and taxanes [52, 53]. A transient 

decrease in efflux transporter activity and an increase in BBB permeability may 

enhance delivery of these therapeutics across the BBB. We also offer a 

potential mechanism and avenue for further exploration. 
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Figure 3.1. Disruption of BBB homeostasis following WBRT in 

immunocompetent mice. Significant increase in 14C-sucrose (A, B) and 3H-

ivermectin (C, D) uptake observed regionally and in whole brains 12h following 

WBRT (15.5Gy) in wild-type C57Bl/6 mice. (p<0.05) 
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Figure 3.2. No significant changes in BBB homeostasis following WBRT in 

whole brains of immunocompromised mice. No significant differences in 

14C-sucrose uptake regionally (A) or in the whole brains (B) of nude mice 12 h 

following WBRT. Significant increase in 3H-ivermectin uptake in the 

Cerebellum (C) of nude mice 12 h post-WBRT, but no significant changes in 

whole brain (D) uptake. (p < 0.05)  
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Figure 3.3. Increased BBB permeability following WBRT in 

immunocompetent mice is time and size-dependent. Significant (p<0.05) 

increase in 14C-AIB (A) and 3 kDa TxRd (C) uptake observed 12h following WBRT 

(15.5Gy) in wild-type C57Bl/6 mice, but not athymice nude C57Bl/6 mice (B, D).   
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Figure 3.4. Increased proinflammatory mediators following WBRT in 

immunocompetent and immunocompromised mice. Significant increase 

of TNF-α in the serum of WT mice immediately after WBRT (15.5 Gy) (A). 

Significant increase of TNF-α in the serum of athymic nude mice 12h post-WBRT 

(B). The fold changes of TNF-α concentrations in the serum following WBRT are 

significantly decreased 6h and 12h in WT mice and 12h in nude mice in 

comparison to WT immediate concentrations (C). CXCL1 is significantly 

increased in the brains of WT mice 6h and 12h post-WBRT and in the brains of 

nude mice 12h post-WBRT (D, E). The fold changes of CXCL1 brain 

concentrations are significantly different between 12h timepoints of WT and nude 

strains (F). (p < 0.05) 
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Figure 3.5. Proinflammatory cytokines significantly increased in brains of 

immunocompetent mice post-WBRT. IL-2 and IL-12p70 are significantly 

increased 12H post-WBRT in brains of wild-type mice (A, B). TNF-α is 

significantly increased immediately and 12H post-WBRT (15.5 Gy) in brains of 

wild-type mice (C). (p < 0.05) 

  



69 

 
Figure 3.6. Proposed mechanism of T-cell dependent BBB disruption following 

WBRT. A schematic summarizing results and hypothesizing the mechanism of BBB 

disruption post-WBRT in the wild-type mice. Figure was created with BioRender.com.  
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Supplemental Figure 3.1. Nude mice have significantly decreased efflux 

transporter function, but no difference in BBB integrity. No significant 

differences in 14C-sucrose uptake between mouse strains at baseline (A). Nude 

mice had a significant increase in 3H-ivermectin uptake at baseline. (p < 0.05) 
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Supplemental Figure 3.2.  No changes in BBB permeability following WBRT in 

immunocompetent mice 3, 6, or 24 hours post-WBRT.  No significant differences in 

14C-AIB uptake observed 3, 6, or 24 hours following WBRT (15.5Gy) in wild-type 

C57Bl/6 mice. (p>0.05) 
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Supplemental Figure 3.3. No changes in BBB permeability following WBRT in 

immunocompetent mice 3, 6, or 24 hours post-WBRT. No significant differences in 3 

kDa TxRd uptake observed 3, 6, or 24 hours following WBRT (15.5Gy) in wild-type 

C57Bl/6 mice. (p>0.05) 
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Supplemental Figure 3.4. No changes in proinflammatory cytokine concentrations 

in serum of immunocompetent mice post-WBRT. No significant differences in IL-1β 

(A), IL-2 (B), IL-5 (C), IL-6 (D), IL-10 (E), or CXCL1 (F) in WT mice serum immediately, 

6h, or 12h following WBRT. (p>0.05) 
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Supplemental Figure 3.5. No changes in proinflammatory cytokine concentrations 

in serum of immunocompromised mice post-WBRT. No significant differences in IL-

1β (A), IL-2 (B), or CXCL1 (C) in nude mice serum 12h following WBRT. (p>0.05) 
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Supplemental Figure 3.6. No changes in proinflammatory cytokine concentrations 

in brain of immunocompetent mice post-WBRT. No significant differences in IL-1β 

(A), IL-4 (B), IL-5 (C), IL-6 (D), or IFN-γ (E) in WT mice brains immediately, 6h, or 12h 

following WBRT. (p>0.05)   
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No changes in proinflammatory cytokine concentrations in brain of 

immunocompromised mice post-WBRT. No significant differences in IL-1β (A), IL-2 

(B), IL-4 (C), IL-5 (D), IL-6 (E), IL-10 (F), IL-12p70 (G), IFN-γ (H), or TNF-α (I) in nude 

mice brains 12h following WBRT. (p>0.05) 
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Chapter 4 

 
Coordination of anti-CTLA-4 with whole-brain radiation therapy 

decreases tumor burden during treatment in a novel syngeneic model 

of lung cancer brain metastasis. 

 

 
4.1 Introduction 

 
Lung cancer is the leading cause of cancer deaths globally and one of the 

most prominent cancer types to metastasize to the brain. Approximately 40% of 

patients develop brain metastases in their lifetime. Although advancements in 

treatment for lung cancer have been made within the past couple of decades, 

with five-year survival increasing from 14% to 24%, this does not stand true for 

the treatment of brain tumors [1]. Unfortunately, the five-year survival rate for 

lung cancer brain metastasis patients remains at only 4.7% [2]. Approved 

therapies for brain metastases include stereotactic radiosurgery (SRS), whole-

brain radiation therapy (WBRT), surgical resection, chemotherapies and targeted 

therapies. Typically, patients will receive a combination of treatments to manage 

the primary tumor and metastases. 

There is limited research on the efficacy of immunotherapy in brain metastasis 

patients due to exclusion from clinical trials and most research available is 

derived from retrospective clinical trial analyses [3-5]. From the minimal 

prospective clinical trial data available, immunotherapy results seem promising 

[6, 7]. A small phase II study in patients with previously untreated brain 
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metastases had an intracranial response rate of 29.7% with pembrolizumab 

[NCT02085070]. More prospective clinical trials are needed to validate the 

intracranial efficacy of immunotherapies.  

An important research gap is the optimal administration sequencing of 

immunotherapy and radiotherapy. Peripheral tumor biology demonstrates the 

rationale for combining radiotherapy and immunotherapy to produce synergistic 

effects, presumably due to the abscopal response elicited by radiation [8, 9]. A 

recent phase I/II clinical trial evaluated the safety and efficacy of nivolumab and 

ipilimumab with concurrent SRS in patients with LCBM. The study concluded the 

combinatorial therapy had minimal toxicity and a 4-month progression-free 

survival rate of 70.7% [10]. However, it is still unclear which treatment should be 

administered first, and if the sequencing matters for patient outcomes. 

Additionally, sufficient lung cancer brain metastasis preclinical models to study 

immunotherapy efficacy are lacking, with most established models utilizing 

human cancer cells in immunocompromised animals [11]. 

Our previous data demonstrated an inflammatory response and breakdown of 

the blood-brain barrier 12 hours following whole-brain radiation therapy (WBRT) 

in wild-type C57Bl/6 mice [12]. Due to the aforementioned lack of syngeneic lung 

cancer brain metastasis models, we chose to generate a preclinical animal 

model to evaluate immunotherapy efficacy. We hypothesized that timed 

immunotherapy administration post-WBRT would decrease tumor burden and 

increase survival. The anti-CTLA-4 immunotherapy was selected because it 

mobilizes T-cells to “cold” tumors, elicits clonal diversity, recurrence following 

treatment is rare, and is shown to be efficacious in preclinical and clinical studies 
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when combined with radiotherapy [13-15]. Despite the fact that anti-PD-1 

immunotherapy is more commonly administered in lung cancer patients [16, 17], 

it also has higher resistance and recurrence rates [18-20].  

This study aimed to 1) develop a syngeneic lung cancer brain metastasis 

model and 2) evaluate if timed administration of immunotherapy with 

radiotherapy increases survival and decreases tumor burden. Herein we 

successfully generated a syngeneic lung cancer brain metastasis preclinical 

animal model to be utilized in immunocompetent and immunocompromised mice. 

The mice were treated with the clinical radiotherapy dosing schedule of 30Gy in 

10 fractions delivered over 12 days. We hypothesized that immunotherapy would 

be more efficacious when delivered 12 hours post-WBRT than if it was delivered 

24 hours prior to WBRT. We observed decreased tumor burden in the 

immunocompetent mice treated with immunotherapy 12 hours post-radiotherapy 

compared to mice treated with immunotherapy 24 hours prior to radiation. 

Unexpectedly, the effects of the immunotherapy and radiation were not long-

lasting and treatment had no effect on survival. These data suggest the 

timeframe of immunotherapy delivery with radiotherapy plays a role in delaying 

tumor progression, treatment may need to be continued long-term, and 

immunotherapy for brain metastasis should be further characterized. 

 
 

4.2 Methods and Materials 
 

Cell culture 

The parental LLC-Luc2 cell line was purchased from ATCC (Manassas, VA) and 

arrived transduced to express firefly luciferase which allowed for bioluminescence 
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imaging (BLI). Cells were cultured in DMEM (ATCC, Manassas, VA) supplemented 

with 10% fetal bovine serum (Global Life Sciences Solutions, Cranbury, NJ), 1% 

antibiotic-antimycotic (Thermo Fisher Scientific, Waltham, MA), and 2 µg/mL 

blasticidin (Thermo Fisher Scientific, Waltham, MA) to ensure selection of 

transduced cells. Cells were incubated at 37°C and 5% CO2. All cells used for in 

vivo and in vitro experiments were maintained between passages 1-8. 

 

Scratch assay 

A 24-well plate was coated with collagen (Sigma Aldrich, St. Louis, MO) at a 

concentration of 100 µg/mL and placed in a refrigerator at 4°C until cells were 

confluent in their respective T75 flasks. The parental and brain-tropic cell lines 

were plated at 5 x 105 cells/well and incubated overnight at 37°C and 5% CO2. 

The following day, a scratch was made in each well with a 200 µL pipette tip and 

imaged on the Olympus MVX stereomicroscope (Olympus, Tokyo, Japan) (optical 

zoom range 0.63-12.6, NA=0.5) immediately, 1, 2, 3, 6, 12, and 24 hours post-

scratch. The wound healing application on ImageJ software was utilized to 

calculate scratch area of each image. 

 

Animals and brain tumor model development 

All animal experiments were approved by the Institutional Animal Care and Use 

Committee at West Virginia University. Female C57Bl/6 and athymic nude mice 

were purchased from Jackson Laboratory (Bar Harbor, ME). All animals were 

approximately 6-8 weeks of age and ~25g during tumor implantation. Animals 

were allowed to acclimate for at least one week prior to experimentation. Mice 
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were anesthetized with 2% isoflurane and placed into a stereotactic device 

(Stoelting, Wood Dale, IL). Animals were injected with 150,000 LLC cells 

suspended in 100 µL PBS in the left ventricle of the heart. Bi-weekly BLI was 

performed to confirm tumor presence in the brain. The protocol for development of 

the brain-seeking line was modified from Yoneda et al and previously described by 

our laboratory [18-19]. Animals were euthanized once we observed significant BLI 

signal and brains were collected then homogenized and digested with collagenase 

in DMEM. The homogenate was ejected from a 19G needle and strained with a 70 

µm cell strainer. The solution was centrifuged and resuspended three times with 

DMEM and 50% FBS, PBS, and then 25% BSA in PBS to remove the myelin 

layer. The remaining cell pellet was resuspended in complete medium and 

cultured. Once the flask became confluent, cells were washed with PBS thrice and 

injected into mice. This process was repeated until the cells predominantly seeded 

into the brain, which was six times for the LLC cell line, referred to as LLC-Br.  

 

Monitoring tumor progression, weight, and survival 

Tumor progression and weight were monitored biweekly. Animals were injected 

intraperitoneally with 150 mg/kg D-luciferin potassium salt (PerkinElmer, Waltham, 

MA) and anesthetized with 2-3% isoflurane. Approximately 15 minutes post-

injection, animals were imaged with the IVIS Spectrum CT (PerkinElmer, Waltham, 

MA) and bioluminescence (BLI) was captured at auto-exposure and one-minute 

time frames on Stage D with medium binning. BLI was quantified by drawing a 

region of interest (ROI) around the cranium or peripheral body of each mouse. The 

BLI is reported as radiance (photons/sec/cm2/steradian). The brain-to-body ratios 
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were calculated by dividing radiance of the brain ROI by the radiance of the 

peripheral body ROI. Fold change of brain BLI was normalized to radiance at day 

3. Mice were euthanized when they displayed signs of neurological symptoms or 

had over 20% weight loss. Survival was monitored and plotted on a Kaplan-Meier 

curve. 

 

Irradiation protocol 

As described previously, the XenX irradiator (Xstrahl, Suwanee, GA) at West 

Virginia University was commissioned to deliver clinically-relevant doses of 

radiation [20]. On day 3, mice were randomized into five groups and began 

treatment. Mice receiving radiation therapy were anesthetized with 1-3% isoflurane 

and treated with whole-brain irradiation at a dose of 30Gy in 10 fractions delivered 

over 12 days, the clinical radiation treatment schedule. Solid water phantoms were 

used while treating cells to provide buildup and backscatter. Cells were treated 

with 3Gy and then returned to the incubator. 

 

Immunotherapy preparation and administration 

The anti-CTLA-4 antibody (Bio X Cell, Lebanon, NH) was diluted in Bio X Cell’s 

recommended InVivoPure dilution buffer (pH 7.0) to deliver 100 µg of antibody/100 

µL intraperitoneally. Immunotherapy treatment groups began treatment on day 3 

and were treated twice more on days 6 and 9. The vehicle group received mouse 

IgG2b isotype control antibody (Bio X Cell, Lebanon, NH) diluted 100 µg/100 µL in 

the dilution buffer and delivered on the same days the immunotherapy groups 

received treatment. 
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Statistical analysis 

Data were analyzed and plotted with GraphPad Prism 8 software (GraphPad 

Software, San Diego, CA). Results are presented as mean ± S.E.M. unless noted 

otherwise. Statistical differences between two groups were assessed using 

Student’s t-test. One-way ANOVA with a Tukey posttest was utilized for data with 

more than two groups. Differences were considered statistically significant at p < 

0.05 (*). 

 

4.3 Results 

Development of the brain tropic LLC-Br cell line 

Wild-type C57Bl/6 mice were injected intracardially with LLC cells and allowed to 

develop brain tumors, which were then excised and cultured ex vivo. This 

process was repeated for six passages. The ratio of bioluminescent signal 

(radiance) in the brain versus the body increased with each passage, shown in 

Figure 4.1A. Passage 6 had significantly higher brain-to-body tumor burden at 

than the previous passages, with a ratio of 5.8 ± 2.4. This is the passage we 

continued our experiments with, referred to as LLC-Br. Brain tumor growth 

kinetics of LLC-Br and the parental, LLC-P, were monitored with bioluminescent 

imaging. Despite the fact the LLC-Br mice had greater brain-specific tumor 

burden, we did not observe any differences in the in vivo growth rates between 

the LLC-Br and LLC-P cell lines, as shown in Figure 1B. The presence of brain 

tumors with the LLC-Br model was confirmed with 3D bioluminescent CT 

imaging (Figure 4.1C). 
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In vitro characterization of LLC-Br compared to LLC-P 

The in vitro cell growth rates of the parental and brain tropic cell lines, were 

similar to the in vivo data with no significant differences (Figure 4.2A-B). To 

evaluate the invasive capabilities of the LLC-Br and LLC-P, a scratch assay was 

performed. We observed a significant increase in percent wound closure over 

time in the LLC-Br cell line compared to the parental, as demonstrated by the 

area under the curve increasing from 1221 ± 44 to 1823 ± 115 (Figure 4.2C-D). 

Similar tumor burden in wild-type and nude mice 22 days post-inoculation 

The LLC-Br tumor progression with BLI in WT C57Bl/6 and nude mice was 

measured to confirm our model can be used in both mouse strains, as shown in 

Figure 4.3. At day 22, we observed no differences in total brain tumor burden 

between the nude mice (10202 ± 6989) and WT mice (27434 ± 12040), shown in 

Figure 4.3B. Additionally, similar median survivals were observed, with nude 

mice having a median survival of 21 days and 19 days for WT mice (Figure 

4.3C). 

Immunotherapy survival study results 

We were interested in evaluating timed delivery of immunotherapy in 

combination with WBRT, so we injected nude and WT mice with LLC-Br and 

treated with radiation therapy 24h after or 12h before immunotherapy. The WT 

mice had a significant decrease in tumor burden in the α-CTLA-4 only (208 ± 50) 

and α-CTLA-4 administered 12h post-WBRT (204 ± 93) groups 14 days after 

treatment compared to the vehicle (622 ± 144) group (Figure 4.4A-B, Figure 

4.5A-B, Figure 4.6A-B). At day 18, all treatment groups had significantly lower 

tumor burden compared to the control group (Figure 4.4C, Figure 4.5C, Figure 
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4.6C), however, by day 22 none of the treatment groups were different from the 

vehicle mice (Figure 4.4D, Figure 4.5D, Figure 4.6D). Additionally, there were 

no significant differences observed in survival or weight loss (Figure 4.4E-F, 

Figure 4.5E-F, Figure 4.6E-F). All treatment groups had median survival times 

of 22 days compared to 19 days for the vehicle group.  

In the radiation groups, a significant increase in tumor burden was observed in 

WT mice treated with α-CTLA-4 24 hours prior to WBRT compared to the mice 

treated with immunotherapy 12 hours after radiation at days 14 (Figure 4.5B), 

18 (Figure 4.5C), and 22 (Figure 4.5D). This group was also significantly 

increased compared to the radiation-only treated mice at days 18 (Figure 4.5C) 

and 22 (Figure 4.5D). 

When comparing the immunotherapy groups, the WT mice treated with α-CTLA-

4 24 hours prior to radiation had a higher tumor burden than mice treated with α-

CTLA-4 only at day 14 (Figure 4.6B). The group treated with α-CTLA-4 12 hours 

after radiation had a significantly lower tumor burden at day 22 compared to the 

α-CTLA-4 only group (Figure 4.6D).  

As anticipated, the only treatment group with decreased tumor burden in the 

nude mice was the radiation-only group at day 18 (Supp. Fig. 4.1C). 

Surprisingly, this effect was absent at day 22 (Supp. Fig. 4.1D). Similar to the 

WT mice, no significant differences in survival or weight loss were observed 

between groups (Supp. Fig. 4.1E-F, Supp. Fig. 4.2E-F, Supp. Fig. 4.3E-F). 

 
 

Discussion 
 

Lung cancer brain metastasis is a difficult disease to treat, partially due to the 
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existence of the blood-tumor barrier (BTB), which restricts the distribution of 

systemic therapeutic agents to tumors. A potential treatment option to overcome 

this barrier is immunotherapy because it triggers activated immune cells to cross 

the barrier and attack cancer cells within the brain. In order for the treatment to 

be most effective, priming of the immune response and timing of administration is 

critical. Without proper brain metastasis preclinical models, the sequencing of 

immunotherapy with other treatment modalities cannot be elucidated. Herein, we 

established a novel syngeneic lung cancer brain metastasis model to evaluate 

the efficacy of immunotherapy and whole-brain radiation therapy. 

We observed a significant increase in brain tumor burden compared to body 

burden upon the sixth passage of the LLC cell line. This indicates a sufficient 

model to observe brain tumor-specific effects of treatment. The brain-specific 

tumor burden was confirmed with in vivo 3D bioluminescent imaging. As 

expected, the brain-tropic LLC-Br cell line exhibits increased motility compared to 

the parental, LLC-P, cell line as measured by in vitro scratch assay. Additionally, 

we observed no differences in the growth rates of LLC-P or LLC-Br cell lines in 

vitro or in vivo. Our model also has similar in vivo growth rates and survival times 

in WT and nude mice, suggesting it is an appropriate model to compare effects 

of the immune response on brain metastases and the blood-tumor barrier.  

When comparing vehicle, radiation, and α-CTLA-4 groups, significant 

decreases in tumor burden were observed at days 14 and 18, but not at the 

conclusion of the study (day 22). Unexpectedly, these treatments did not have an 

effect on survival or weight loss. We hypothesize this could be occurring due to 

the rapid growth rate of the LLC-Br cells. The treatments may delay tumor 
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progression during and shortly following treatment, but the tumors recur and 

mice succumb to the disease. This also occurs clinically, with 73-76% of patients 

treated with stereotactic radiosurgery (SRS) experiencing recurrence. When 

combined with WBRT, this decreases to 27-46% of patients [24].  Recurrence 

with immunotherapy is typically observed with α-PD-1; approximately 20% of 

patients with non-small cell lung cancer (NSCLC) initially respond to α-PD-1 

treatment, but the majority develop resistance [25, 26].  

In the radiation treated groups, we observed a significant increase in tumor 

burden in mice treated with α-CTLA-4 24 hours before radiation. There were no 

differences between the radiation-only group and mice treated with anti-CTLA-4 

12 hours post-WBRT. A similar non-significant trend was observed in the nude 

mice. Human-derived NSCLC cell lines express CTLA-4 and treatment with α-

CTLA-4 antibody can induce PD-L1 expression. Additionally, the binding of α-

CTLA-4 promotes cell proliferation through activation of the EGFR pathway [27]. 

Activation of EGFR is associated with increased radioresistance and metastatic 

capabilities in lung cancer [28-30]. It can also result in DNA synthesis, 

proliferation, and cell cycle arrest [31]. It is well documented that the phase of the 

cell cycle affects radiotherapy response, with cells in the late S phase being most 

radioresistant and cells in the M phase most radiosensitive [32, 33]. A study in 

2020 demonstrated inhibition of EGFR/HER2 signaling in LLC cells results in 

decreased proliferation, reduced metastasis, and increased radiosensitivity [34]. 

We treated LLC-Br cells with α-CTLA-4 for 72 hours and noted a significant 

increase in percent survival based on an MTT assay (Supp. Fig. 4.4). Therefore, 

we hypothesize that the radioprotective effect we observed could be due to α-
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CTLA-4 stimulating EGFR signaling, promoting proliferation, and potentially 

arresting cells in a more radioresistant phase of the cell cycle. 

Between all of the immunotherapy groups, the mice treated with α-CTLA-4 12 

hours post-radiation had the lowest tumor burden while the mice treated with α-

CTLA-4 24 hours prior to radiation had the highest tumor burden. These data 

suggest the timing of immunotherapy administration with radiotherapy does play 

a role in the efficacy of treatment and needs further investigation. Treatment with 

α-CTLA-4 has varied effects depending on cell type and microenvironment [35], 

which could contribute to the varied responses observed in immunotherapy 

studies.  

Although we generated a syngeneic lung cancer brain metastasis model and 

completed a study with immunotherapy and radiotherapy, our work has its 

limitations. First, this study only evaluated a single dose of α-CTLA-4 with 

radiotherapy. Future studies should evaluate if there is a dose effect of α-CTLA-4 

when coordinated with WBRT. Additionally, we studied α-CTLA-4 as a single 

immunotherapy because we hypothesized it would mobilize T-cells to the brain 

tumors more effectively than α-PD-1 therapy. Studies to investigate coordination 

of α-CTLA-4 and αPD-1 administration in combination with radiation should be 

performed. We hypothesize combining α-PD-1 with α-CTLA-4 would enhance the 

synergistic effects we observed. Lastly, studies are needed to evaluate the 

mechanism of immunotherapy delaying progression with radiotherapy timed 

coordination. 

 
 
Conclusions 
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Patients with lung cancer brain metastases have poor prognosis and usually 

succumb to the disease within a year after diagnosis. Immunotherapy is a 

promising treatment modality for brain tumors, but preclinical models are limited. 

Our study demonstrates we successfully created a syngeneic lung cancer brain 

metastasis model which can be used to evaluate immunotherapy efficacy. The 

model has a similar growth rate to its parental cell line, but higher motility. 

Additionally, we observed that combining α-CTLA-4 after radiation decreases 

brain tumor burden compared to α-CTLA-4 alone and administration of α-CTLA-4 

prior to radiation. These data demonstrate the importance of optimizing the 

sequence of treatment modalities and potentially increasing immunotherapy 

treatment throughout the course of disease to ensure positive outcomes. Further 

research is needed in the field of brain metastasis immunotherapy and we aim to 

contribute with our novel lung cancer brain metastasis model. 
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Figure 4.1: Tumor burden in the brain increases with passages of LLC 

brain explants. The ratio of bioluminescence (radiance) in the brain vs body of 

mice increases over passages of the LLC-Br cell line. Passage 6 has a 

significantly higher brain vs body ratio at D14 in comparison to all previous 

passages (A). Comparison of the growth kinetics of the parental LLC (LLC-P) to 

the brain tropic (LLC-Br) cell line in vivo (B). Localization of tumor cells in the 

brain was confirmed with 3D bioluminescent CT imaging (C). (p<0.05) 
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Figure 4.2: LLC-Br has a higher migration rate, but similar growth rate 

compared to LLC-P. Comparison of the growth kinetics of the parental LLC (LLC-

P) to the brain tropic (LLC-Br) cell line in vitro (A-B). LLC-Br and LLC-P percent 

wound closure over time (n = 12) (C). LLC-Br has significantly increased cell 

migration compared to the parental LLC (D). (p<0.05) 

  



97  

0 2
0.1

1
10

100
1000

10000
100000

4 8 12 16 20 24

Days Post-Injection

Fo
ld

 C
ha

ng
e

Nude Mice
WT Mice

0
10000
20000
30000
40000

   WT      NudeA
re

a 
U

nd
er

 C
ur

ve

0 5
0

50

100

10 15 20 25 30

Days Post-Injection

Pe
rc

en
t S

ur
vi

va
l

Nude
WT

A.

B.

C.

 
Figure 4.3: Similar tumor burden and survival in WT and nude mice. Tumor 

progression of LLC-Br in wild-type and athymic nude mice as measured by 

bioluminescence imaging normalized to day 3 (A). No significant differences in 

tumor burden between wild-type and nude mice as measured by area under the 

curve at day 22 (B). Kaplan-Meier plot of survival of WT and nude mice with LLC-

Br tumors (C).(p>0.05) 
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Figure 4.4: Delay in tumor progression until the conclusion of treatment in 
control groups. (A) Tumor progression of LLC-Br in wild-type mice treated with 
vehicle, radiation, or α-CTLA-4 as measured by bioluminescent imaging normalized to 
day 3. (B) Significant decrease in tumor burden of mice treated with α-CTLA-4 
compared to vehicle at day 14. (C) Significant decrease in tumor burden of mice 
treated with radiation or α-CTLA-4 only at day 18. (D) No significant differences in 
tumor burden between vehicle, radiation, and α-CTLA-4 groups as measured by area 
under the curve at day 22. (E) Kaplan-Meier plot of survival of WT mice with LLC-Br 
tumors treated with vehicle, radiation, or α-CTLA-4. (F) No significant differences in 
percent weight loss were observed. N = 7-9 mice/group, p < 0.05 (*)  
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Figure 4.5: Potential tumor protective role of administering α-CTLA-4 24 hours 

prior to whole-brain radiation therapy. (A) Tumor progression of LLC-Br in wild-type 

mice treated with radiation, α-CTLA-4 24 hours before radiation, or anti-CTLA-4 12 

hours after radiation as measured by bioluminescent imaging normalized to day 3. (B) 

Significant increase in tumor burden of mice treated with α-CTLA-4 24 hours prior to 

radiation compared to 12 hours after at day 14. (C) Significant increase in tumor 
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burden of mice treated with α-CTLA-4 24 hours prior to radiation at day 18. (D) Wild-

type mice treated with α-CTLA-4 24 hours before radiation had significantly higher 

tumor burden compared to radiation and α-CTLA-4 12 hours after radiation groups as 

measured by area under the curve at day 22. (E) Kaplan-Meier plot of WT mice 

survival with LLC-Br tumors treated with radiation +/- α-CTLA-4. (F) No significant 

differences in percent weight loss were observed in radiation groups. N = 7-9 

mice/group, p < 0.05 (*)   
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Figure 4.6: Administering α-CTLA-4 12 hours post-radiation decreases tumor 
burden. (A) Tumor progression of LLC-Br in wild-type mice treated with α-CTLA-4 
only, α-CTLA-4 24 hours before radiation, or α-CTLA-4 12 hours after radiation as 
measured by bioluminescent imaging normalized to day 3. (B) Mice treated with α-
CTLA-4 24 hours prior to radiation had significantly higher brain tumor burden at day 
14 compared to immunotherapy only or immunotherapy delivered 12 hours post-
WBRT. (C) Mice treated with α-CTLA-4 12 hours post-WBRT had significantly lower 
brain tumor burden at day 18 than mice administered immunotherapy 24 hours prior to 
radiation. (D) Wild-type mice treated with α-CTLA-4 12 hours after radiation had 
significantly lower tumor burden compared to α-CTLA-4 only and α-CTLA-4 24 hours 
before radiation groups as measured by area under the curve at day 22. (E) Kaplan-
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Meier plot of WT mice survival with LLC-Br tumors treated with α-CTLA-4 +/- radiation. 
(F) No significant differences in percent weight loss were observed in the 
immunotherapy groups. N = 7-9 mice/group, p < 0.05 (*)  
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Supplemental Figure 4.1: No significant differences in tumor burden or survival 

in control immunocompromised groups. (A) Tumor progression of LLC-Br in nude 

mice treated with vehicle, radiation, or anti-CTLA-4 measured by bioluminescent 

imaging normalized to day 3. No differences were observed in tumor burden at day 14 

(B) or 22 (D), survival (E), or percent weight loss (F). (C) The only decrease in tumor 

burden was observed at day 18 in the radiation group. (p>0.05)  



104  

0 2
0.1

1
10

100
1000

10000

5 10 15 20 25

Days Post-Injection

Fo
ld

 C
ha

ng
e

Radiation
α-CTLA-4 -> Radiation
Radiation -> α-CTLA-4

0

100

200

300

A
re

a 
U

nd
er

 C
ur

ve
0

500

1000

1500

2000

A
re

a 
U

nd
er

 C
ur

ve

0

2000

4000

6000

8000

A
re

a 
U

nd
er

 C
ur

ve

A. B.

C. D.

0 5
0

50

100

10 15 20 25 30

Days Post-Injection

Pe
rc

en
t S

ur
vi

va
l

2
-10

0

10

20

30

5 10 15 20 25

Days Post-Injection

Pe
rc

en
t W

ei
gh

t L
os

s

E. F.

 
Supplemental Figure 4.2: No changes in tumor burden or survival in irradiated 

immunocompromised groups. Tumor progression of LLC-Br in nude mice treated 

with radiation +/- anti-CTLA-4 measured by bioluminescent imaging normalized to day 

3 (A). No differences were observed in tumor burden at days 14(B), 18 (C) 22 (D), 

survival (E), or percent weight loss (F). (p>0.05) 
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Supplemental Figure 4.3: No significant differences in tumor burden or survival 

in immunotherapy groups of immunocompromised mice. (A)Tumor progression of 

LLC-Br in nude mice treated with anti-CTLA-4 +/- radiation measured by 

bioluminescent imaging normalized to day 3. No differences were observed in tumor 

burden at days 14 (B), 18 (C), 22 (D), survival (E), or percent weight loss (F). (p>0.05) 
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Supplemental Figure 4.4: Significant increase in percent survival of LLC-Br cells 

when treated with immunotherapy for 72 hours. LLC-Br cells had significantly 

higher percent survival after treatment with α-CTLA-4 for 72 hours compared to LLC-

Br cells treated with the isotype control antibody. (p<0.05) 
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Chapter 5 

Conclusions and Future Directions 

5.1 Conclusions 
 

In conclusion, this dissertation provided a detailed review on the blood-brain 

and blood-tumor barriers, brain metastases, and modalities to overcome brain 

barriers to treat metastatic brain tumors. Herein, we also evaluated the 

magnitude of blood-tumor barrier disruption following whole-brain radiation 

therapy in mice with and without functional immune systems. Additionally, we 

developed a preclinical syngeneic lung cancer brain metastasis model. The model 

was utilized to observe the efficacy of timed administration of immunotherapy in 

combination with radiation therapy. 

Whole-brain radiation therapy is a common treatment modality for patients 

with multiple brain metastases. Although treatment with radiotherapy alone does 

not provide modest increase in survival, clinical studies have shown it can 

increase efficacy of systemic therapeutics. We found that WBRT (15.5Gy) 

increases BBB permeability 12 hours after treatment in immunocompetent mice, 

but not immunocompromised mice. Interestingly, efflux transporter activity is also 

decreased at this timepoint. In the serum of WT mice, TNF-α is significantly 

increased immediately following WBRT. The concentration of the chemokine 

CXCL-1 was also increased in the brains of WT and nude mice 12 hours post-

radiation. Together, these data provide an optimal window of time following 

irradiation which may allow increased drug penetration into the brain. 

Immunotherapy is a hopeful option for treatment of brain metastases, but 

there is limited data in this patient subset and preclinical models are not easily 
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available. It is unknown if there is an optimal time of administration post-

radiotherapy that would result in robust immune responses and tumor kill. We 

generated a LCBM preclinical mouse model which can be used to evaluate 

immunotherapy efficacy. We found a significant increase in brain tumor burden 

upon the sixth passage of the LLC cell line. The LLC-Br cell line has increased 

motility, but no alteration in cell growth rate in vitro compared to the parental. We 

observed a significant decrease in tumor burden when α-CTLA-4 

immunotherapy was administered 12 hours post-WBRT instead of 24 hours 

prior. These data suggest the timing of immunotherapy administration may affect 

patient outcomes. 

In summary, the research from this dissertation details the difficulty in 

developing efficacious treatments for brain metastasis of lung cancer. However, 

the goal is that this work will push the field forward and provide a useful model 

for future immunotherapy studies for lung cancer brain metastasis. 
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5.1 Future Directions 
 

Future studies that are resultant of this work will include the following: 
 

WBRT has been shown to increase permeability and decrease efflux 

transporter activity 12 hours after treatment in immunocompetent mice. The 

majority of chemotherapeutics are subject to efflux transporters. Future studies 

evaluating timed administration of known chemotherapeutic substrates of 

efflux transporters in immunocompetent brain metastasis models should 

be performed. The unidirectional transfer constant (Kin) of efflux 

transporter substrates will be evaluated in tumor bearing mice post-

radiation to determine if the effect observed in naïve mice still applies. 

Furthermore, an efficacy study with timed administration of these 

therapeutics will be performed to observe any potential tumor kill or 

survival benefits. 

 
Immunotherapy has changed the way we research cancer and emphasizes 

the importance of the tumor microenvironment. The data herein indicate that 

immunotherapy delivery at specific time points following radiation can drastically 

alter the efficacy. However, in our efficacy study none of the treatments resulted 

in an increase in survival. Future studies will include addition of PD-1 

inhibitors with and without radiotherapy. We will evaluate if the sequence 

of immunotherapies (ie. CTLA-4 before/after PD-1) effects the tumor 

burden or survival outcomes. Additionally, we will investigate the use of 

low-intensity focused ultrasound to 1) prime the immune response before 
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immunotherapy administration and 2) increase immune cell infiltration into 

brain metastases.  

Research has improved the management of lung cancer within the past 

decade. As the success in managing peripheral disease increases, the 

incidence of brain metastases increases as well. Treating CNS tumors is much 

more complex than peripheral tumors due to the unique microenvironment and 

tightly regulated blood-brain barrier. Immunotherapy, novel drug formulations, 

and blood-brain barrier disruption techniques provide hope for the treatment of 

brain metastases.  

In terms of reframing my dissertation work to my aims during my postdoctoral 

position, I will be focusing on primary brain tumors. Under the guidance of Dr. 

Grant, I will be applying the techniques learned at WVU to evaluate the effects 

of low-intensity focused ultrasound (LIFU) on primary brain tumors, the blood-

tumor barrier, and immune response. We aim to develop a therapeutic strategy 

incorporating LIFU and immunotherapeutics.  


	Right Treatment Wrong Time: Immunotherapy Administration Post-Radiotherapy Decreases Tumor Burden in a Preclinical Model of Brain Metastasis
	Recommended Citation

	ACKNOWLEDGEMENTS
	LIST OF FIGURES
	Figure 4.2. LLC-Br has a higher migration rate but similar growth rate compared to LLC-P 95
	Figure 4.3. Similar tumor burden and survival in WT and nude mice 96
	Figure 4.4. No significant differences in tumor burden at day 22 in control immunocompetent groups. 97
	Figure 4.5. Potential protective role of administering anti-CTLA-4 24 hours prior to whole-brain radiation therapy 98
	Figure 4.6. Administering anti-CTLA-4 12 hours post-radiation decreases tumor burden……………………………………………………………………….. 99
	Supplemental Figure 4.1. No significant differences in tumor burden or survival in control immunocompromised groups 100
	Supplemental Figure 4.2. No changes in tumor burden or survival in irradiated immunocompromised groups……………………………………….101
	Supplemental Figure 4.3. No significant differences in tumor burden or survival in immunotherapy groups of immunocompromised mice……….102
	Supplemental Figure 4.4: Significant increase in percent survival of LLC-Br cells when treated with immunotherapy for 72 hours………………………..103

	LIST OF TABLES
	LIST OF ABBREVIATIONS
	Chapter 1 Introduction
	Chapter 2
	2.1 Blood-Brain Barrier (BBB) and Blood-Tumor Barrier (BTB)
	2.1.1 Brain Metastases vs Glioblastoma
	2.4 References
	Figure 2.1. Differences between the BBB and BTB. Endothelial cells in a healthy brain are held together by tight junction proteins and prevent paracellular transport. The endothelial cells are surrounded by a basement membrane embedded with pericytes ...

	Chapter 3
	3.1 Introduction
	3.2 Results
	3.3 Discussion
	Whole-brain radiation therapy promotes neuroinflammation and disrupts the BBB. This is demonstrated by increased expression of proinflammatory mediators and decreased expression of tight junction proteins [34]. The majority of work in the preclinical...
	We observed in immunocompetent and athymic immunocompromised mice BBB integrity was intact prior to WBRT, however, we observed disruption in the WT mice 12 h post-WBRT. These findings suggest radiation-mediated BBB permeability may be impacted by the...
	In contrast to the BBB integrity, we observed a decrease in efflux transporter activity in the athymic nude mice at baseline. A significant decrease in efflux activity 12 h post-WBRT was observed only in the WT mice, which returned to baseline 24 h p...
	We confirmed BBB disruption following irradiation with quantitative imaging of fluorescent and radiolabeled molecules of two different sizes. The small radiolabeled molecule, 14C-AIB (~ 103 Da), was five-fold higher in irradiated sides of WT mouse br...
	The presence of proinflammatory mediators in the serum and brain following WBRT was measured in the two mouse strains. We observed a significant increase in TNF-α in the serum of WT mice immediately following radiation and athymic nude mice 12 h post...
	Our study expands on previous work in the field by highlighting the impact of the immune response to WBRT on BBB dysfunction, however, there are a few limitations to our work. First, our studies were completed using a single dose of radiation at 15.5...
	3.4 Conclusion
	3.5 References
	4.1 Introduction
	4.2 Methods and Materials
	Discussion
	Conclusions
	References

	Chapter 5 Conclusions and Future Directions
	5.1 Conclusions
	5.1 Future Directions


