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Abstract 

Glioblastomas (GBM), constituting around 50% of gliomas, represent the most aggressive 

and malignant form of brain tumors, characterized by significant heterogeneity. Owing to 

intrinsic factors such as stem-like cells, the blood-brain barrier (BBB), and hypoxia, GBMs 

often exhibit resistance to standard treatment modalities including surgery, chemotherapy, 

and radiation therapy, leading to frequent recurrence. This dissertation describes our work 

aimed to develop, produce, and assess novel targeted therapies for GBM treatment. 

Specifically, we focused on the potent natural compound verrucarin A (Ver-A) in 

conjunction with monoclonal antibody-directed extracellular vesicles (mAb-EV) and the 

employment of therapeutic genes targeting cancer mitochondria delivered via adeno-

associated virus (AAV). In the first phase, mAb-EV-Ver-A was engineered by 

encapsulating Ver-A and attaching anti-EGFR mAb onto EV derived from HEK293F 

culture. Utilizing advanced imaging techniques, including confocal microscopy and the In 

Vivo Imaging System (IVIS), we demonstrated the ability of mAb-EV to penetrate the 

BBB, localize to intracranial glioblastoma xenografts, and deliver drugs intracellularly. In 

vitro cytotoxicity studies revealed promising IC50 values for Ver-A ranging from 2 to 12 

nM. Tolerated dose studies indicated minimal systemic toxicity associated with mAb-EV-

Ver-A. Subsequent in vivo anti-tumor efficacy assessments in intracranial xenograft 

models highlighted the inhibitory effects of EGFR mAb-EV-Ver-A on glioblastoma 

growth, emphasizing the potential of mAb-EV as a drug delivery platform and the 
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therapeutic promise of natural Ver-A. In the second phase, recognizing the therapeutic 

potential of targeting cancer cell mitochondria, we developed and evaluated mLumiOpto, 

a novel mitochondrial-targeted luminoptogenetics gene therapy. mLumiOpto was designed 

to disrupt the inner mitochondrial membrane (IMM) potential and induce cancer cell death. 

This involved synthesizing a blue light-gated channelrhodopsin (CoChR) within the IMM 

and co-expressing a blue bioluminescence-emitting Nanoluciferase (NLuc) in the cytosol 

of the same cells. Selective delivery of mLumiOpto genes to cancer cells in vivo was 

achieved using AAV carrying a cancer-specific c-fos promoter. A robust AAV production 

process was developed and optimized, along with a purification protocol to enhance 

recovery rates. Activation with NLuc luciferin elicited robust endogenous 

bioluminescence, activating mitochondrial CoChR and leading to cancer cell IMM 

permeability disruption, mitochondrial damage, and subsequent cell death. Importantly, 

mLumiOpto demonstrated significant efficacy in reducing tumor burden and killing if not 

eliminating tumor cells in glioblastomas xenograft models, establishing it as a promising 

therapeutic strategy for targeting cancer cell mitochondria in vivo. In summary, this study 

showcases the development of innovative therapeutic approaches for glioblastoma 

treatment, highlighting the efficacy of monoclonal antibody-directed extracellular vesicles 

encapsulating verrucarin A and the promising potential of mitochondrial-targeted 

luminoptogenetics gene therapy in preclinical models. 
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Chapter 1. Introduction 

 
Glioblastomas (GBM) 

Glioblastoma multiform (WHO grade IV) is the most prevalent and aggressive primary 

malignant brain tumor, accounting for approximately 50% of gliomas in adults 1,2. The 

incidence of GBM is less than 10 in 100,000 persons, but the median survival of 14.6 

months for GBM patients from time of diagnosis and the 2-year survival rate of 6.5% 

makes it a considerable public health issue 3. Even though therapeutic agents against GBM 

have been developing for years, it remains a highly lethal disease with poor prognosis. 

Numerous treatments are under investigation, but few have been successful 4. Over the 

years, the clinical treatment strategy for newly diagnosed GBM has been surgery followed 

by radiation therapy and temozolomide chemotherapy 4. However, therapeutic resistance 

and GBM recurrence usually develop after conventional therapies due in part to pathways 

involving stem-like cells, the blood-brain barrier (BBB), and/or hypoxia 5,6. Thus, 

developing new treatment strategies to extend the survival of GBM patients is critical. 

 

Extracellular vesicles in drug delivery 

Recent investigations have underscored the considerable potential of extracellular vesicles 

(EVs), intrinsic nanoscale entities within the body, for precise drug delivery. The use of 

EVs for therapy offer a range of benefits including immune system compatibility, sustained 

circulation, ability to traverse the BBB, and specific targeting of tumors via surface-
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modified GBM-targeting agents 7,8. Building upon our earlier work, we have established 

robust methodologies for the biomanufacturing of EVs and their surface modification 9. 

Notably, we've validated their efficacy in delivering tailored combination therapies 10. 

Additionally, our studies have substantiated the effectiveness of monoclonal antibodies 

(mAbs) in vivo 11-14 for tumor targeting, as well as their utility in guiding drug delivery 

systems such as liposomes and EVs to tumor sites 12. Considering these findings, we have 

engineered mAb-EVs as a novel approach for delivering therapeutic payloads in the 

treatment of GBM. 

 

Adeno-associated virus (AAV) in gene delivery 

AAV-based gene therapy has been extensively investigated in both preclinical and clinical 

trials, displaying a robust safety profile and consistent therapeutic efficacy15. Over 130 

AAV-delivered gene therapies have been evaluated in clinical trials during the last two 

decades, and hundreds of clinical trials are on-going for Alzheimer, Parkinson, and other 

diseases16. Furthermore, AAV-based gene therapy exhibits the capacity to efficiently 

transduce numerous cancer cells and cancer stromal cells. Moreover, it enables stable 

expression of diverse cancer therapeutic genes, including suicide genes, 

immunostimulatory genes, cytotoxic genes, small interference RNA (siRNA), and anti-

angiogenesis genes17,18. These therapeutic genes collectively contribute to the inhibition of 

cancer formation and progression.   
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Mitochondrial-targeting gene therapy 

To address the challenges in GBM treatment, the AAV mediated mitochondrial-targeting 

gene therapy (mLumiOpto) was developed. This technology holds significant promise as 

a novel strategy for the effective treatment of GBMs. Unlike traditional gene therapy 

approaches (e.g., TP53, miRNA), chemotherapy, and biotherapy, mLumiOpto directly 

targets the inner mitochondrial membrane potential to induce cell death in GBMs through 

the introduction of heterologous genes. This unique approach does not rely on subtype-

specific endogenous proteins or signaling transduction pathways, which are often impaired 

in cancers treated with other therapies. As a result, mLumiOpto therapy exhibits reduced 

susceptibility to cancer resistance development and greater efficacy in treating 

heterogeneous GBMs. 

 

In summary, this dissertation aims to develop, produce, and evaluate novel targeted 

therapies for the treatment of GBM, with a specific focus on monoclonal antibody-directed 

extracellular vesicles (mAb-EVs) and mitochondrial-targeting gene therapies. The 

subsequent chapters will detail the engineering and validation of mAb-EVs, the 

development of AAV-mediated mLumiOpto, and the comprehensive preclinical 

evaluations of these therapeutic approaches. Through these investigations, this research 

aims to elucidate the potential of these innovative therapeutic strategies to address existing 

treatment limitations and improve clinical outcomes for patients with GBM. 
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Abstract  

Glioblastomas, accounting for approximately 50% of gliomas, comprise the most 

aggressive, highly heterogeneous, and malignant brain tumors. The objective of this study 

was to develop and evaluate a new targeted therapy, i.e., highly potent natural compound 

verrucarin A (Ver-A), delivered with monoclonal antibody-directed extracellular vesicle 

(mAb-EV). First, the high surface expression of epidermal growth factor receptor (EGFR) 

in glioblastoma patient tissue and cell lines was confirmed using immunohistochemistry 

staining, flow cytometry, and Western blotting. mAb-EV-Ver-A was constructed by 

packing Ver-A and tagging anti-EGFR mAb to EV generated from HEK293F culture. 

Confocal microscopy and the In Vivo Imaging System demonstrated that mAb-EV could 

penetrate the blood–brain barrier, target intracranial glioblastoma xenografts, and deliver 

drug intracellularly. The in vitro cytotoxicity study showed IC50 values of 2–12 nM of 

Ver-A. The hematoxylin and eosin staining of major organs in the tolerated dose study 

indicated minimal systemic toxicity of mAb-EV-Ver-A. Finally, the in vivo anti-tumor 

efficacy study in intracranial xenograft models demonstrated that EGFR mAb-EV-Ver-A 

effectively inhibited glioblastoma growth, but the combination with VEGF mAb did not 

improve the therapeutic efficacy. This study suggested that mAb-EV is an effective drug 

delivery vehicle and natural Ver-A has great potential to treat glioblastoma. 

 

Keywords: glioblastoma; targeted delivery; monoclonal antibody-directed extracellular 

vesicle; natural compound verrucarin A 
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2.1. Introduction 

Gliomas are the most prevalent primary intracranial cancer, including the highly malignant, 

aggressive, heterogeneous, and angiogenetic glioblastomas (GBM, WHO grade IV), which 

account for the majority of gliomas 19. Surgery followed by the combination of involved-

field radiation therapy and the DNA alkylating agent chemotherapy temozolomide (TMZ) 

is the current standard treatment strategy for newly diagnosed GBM in clinics 20,21. Due to 

the stem-like cells, blood–brain barrier (BBB), or hypoxia, GBMs are usually resistant to 

conventional therapies with a high recurrence rate. The United States Food and Drug 

Administration has approved bevacizumab, an anti-vascular endothelial growth factor 

(VEGF) monoclonal antibody (mAb), to treat recurrent GBM. Despite the progress, the 

current standard care only provides a median survival of 14.6 months for GBM patients 22. 

 

As reviewed before, multiple therapies have been developed to target the core signaling 

pathways that play important roles in GBM development 23. For example, epidermal 

growth factor receptor (EGFR) inhibitors (TK1, neratinib, cetuximab, rindopepimut) 23-26 

anaplastic lymphoma kinase inhibitors (imatinib and crizotinib) 27-29, vascular endothelial 

growth factor (VEGF) inhibitors (bevacizumab, vatalanib, tivozanib, cediranib) 30-32, 

platelet-derived growth factor receptor (PDGFR) inhibitors (Sunitinib and Nintedanib) 

33,34, phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of 

rapamycin (mTOR) inhibitors (Sonolisib, Temsirolimus, Sirolimus, Everolimus, 

Vextalisib) 35,36, p53 restoration gene therapy (miRNA) 37, and retinoblastoma tumor 

suppressor (RB) pathway CDK4/6 inhibitors (Palboclib) 38 have been developed and/or 

evaluated in clinical trials. Many of these therapies have failed in clinical trials due to the 
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challenges of poor anti-tumor efficacy, development of drug resistance, and BBB. 

Therefore, new therapeutics and an efficient drug delivery vehicle are highly desired for 

GBM treatment. 

 

The natural compound verrucarin A (Ver-A, a type D macrocyclic trichothecene), which 

is isolated from the metabolites secreted by Myrothecium verrucaria 39, has been reported 

as a highly potent therapy to treat cancers. For instance, previous studies demonstrated that 

Ver-A had strong antiproliferative and proapoptotic effect on renal 40, hepatocellular 41, 

leukemia 42,43, and breast 44 carcinoma by blocking cell cycle progression via inhibiting 

cell cycle regulatory proteins cyclin D1/E, cyclin-dependent kinases inhibitor WAF1/21, 

or protein kinase B (AKT)/nuclear factor kappa B (NF-κB)/mammalian target of 

rapamycin (mTOR) prosurvival signaling, or by inducing apoptosis 45. Moreover, our 

previous study showed that Ver-A can effectively inhibit neuroendocrine tumor growth 10. 

The anti-GBM efficacy of Ver-A has not been investigated in GBM treatment so far. 

 

As reviewed by Samec et al., targeted nanoparticles have been developed to deliver 

therapies to treat GBM 46, including liposomes carrying doxorubicin or irinotecan 47, 

polymeric nanoparticles delivering paclitaxel or miRNA mimics 48,49, solid lipid 

nanoparticles loaded with temozolomide and vincristine 50, polymeric micelles delivering 

doxorubicin and curcumin 51, and dendrimers bearing doxorubicin and siRNA 52. These 

delivery vehicles have been limited in clinic application due to the poor stability, limited 

loading capacity, toxicity or reduced efficacy because of BBB. Recent studies showed that 

extracellular vesicle (EV), a natural endogenous nanoparticle, has great potential for 
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targeted delivery of highly potent drugs with the advantages of immune tolerance, 

circulation stability, capability to cross BBB, and tumor targeting via surface-tagged GBM-

targeted reagents 53,54. Our previous studies have established the platform of EV 

biomanufacturing and surface tagging 9 and demonstrated its capability of targeted delivery 

of combined therapies 10. Furthermore, we have demonstrated and reported that the 

monoclonal antibody (mAb) is effective to target tumor in vivo 11-14 or direct drug delivery 

vehicles such as liposomes and EVs to target tumors 12,47. Therefore, mAb-EV was 

constructed to deliver payload to GBM. 

 

The literature has reported multiple growth factors or cytokines surface receptors 

overexpressed in GBM 55,56, including EGFR, PDGFR, VEGFR, transforming growth 

factor-βR, hepatocyte growth factor/scatter factor receptor, G protein-coupled receptor, 

interleukin-4, 13, or Urokinase-type plasminogen activator receptor. As an important 

signal in the receptor tyrosine kinase (RTK) pathway, EGFR or variant III (EGFRvIII) is 

overexpressed in over 40% of GBM patients 57 and is an attractive target for the 

development of targeted therapies, such as geftinib, neratinib, and CAR-T cells 23. The 

chimeric anti-EGFR mAb (cetuximab) showed strong binding to EGFR and EGFRvIII, 

which was tagged on the surface of EV to target GBM in this study. 

 

This study aimed to develop and evaluate a new targeted therapy, i.e., mAb-EV-delivered 

Ver-A, to treat the malignant EGFR-positive GBMs. The high surface expression of EGFR 

in GBM patient tissues and cell lines was confirmed. The mAb-EV-Ver-A was constructed 

and characterized. The GBM targeting, drug delivery, toxicity, and anti-tumor efficacy of 
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the developed therapy were evaluated using cell lines and intracranial xenograft mouse 

models. Our study showed that the anti-EGFR mAb-EV-Ver-A can effectively target GBM 

and inhibit the tumor growth with minimal toxicity. 

 

2.2. Results 

2.2.1. EGFR surface expression in GBM 

To assess the surface receptor expression of EGFR, GBM tissue microarray slides (35 

GBM cases and 70 cores) were performed with IHC staining (Figure 1A). The relative 

expression level of receptor was analyzed with ImageJ and quantitated using the score of 

ratios of DAB intensity: nuclei intensity. The IHC staining showed that 54% (38 of 70) of 

patient tissue samples had high (score of >10) or medium (score of 5–10) expression with 

cell membrane localization, 34% (24 of 70) of samples had low expression (score of 1–5), 

and 8% (8 of 70) of samples had no or minimal expression (score < 1). The representative 

images of IHC staining with high (C1), medium (E3), and low/no (G1) expression are 

presented in Figure 1A. The IHC staining of the adjacent normal brain tissues has low or 

minimal expression, indicating that EGFR is a good target of GBM. These data indicated 

that the EGFR-targeted EV-drug could cover >53% patients with malignant GBM. For the 

EGFR-GBM patients, we can consider targeting an alternative receptor, such as CXCR4 

or CD276, which was reported to overexpress in GBM patient tissues 58,59. 

 

Furthermore, the surface expression of EGFR in malignant GBM cell lines was evaluated 

by staining U87 and U251 cells with an antibody at room temperature. As presented in 

Figure 1B, flow cytometry analysis showed that the U87 and U251 cells had high EGFR 
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expression with a binding rate of 97.1% and 74.6%, respectively (Figure 1B). The VEGF 

expression in these cell lines was low with a binding rate of 4.3%–7.0%. Finally, the EGFR 

expression was confirmed using Western blotting (Figure 1C). Although the predicted size 

of human EGFR was 134 kDa, two bands were detected by Abcam primary anti-human 

EGFR antibody with observed sizes of ~130 kDa and ~170 kDa in U87 and U251 cells, 

respectively. The possible root cause of changed molecular weight was high post-

translational modifications or alternative splice variants of EGFR. The calculated relative 

expression (i.e., receptor intensity/β-tubulin intensity) of U87 and U251 was 1.43 and 1.05, 

respectively. 

 

2.2.2. Construction of targeted mAb-EV-Drug 

The EGFR mAb-EV-Ver-A (Figure 2A) was constructed following our previously 

established platforms of EV production, surface labeling, and drug packing 9,10. The size 

distribution of the targeted vehicle (mAb-EV-Ver-A) was analyzed using NanoSight assay, 

demonstrating a homogenous distribution with an average diameter of 117.7 ± 1.4 nm 

(Figure 2B). The vehicle was further confirmed with transmission electron microscopy 

(TEM) image (Figure 2C). The purified EV was confirmed with Western blotting by 

analyzing the biomarkers of surface tetraspanins (CD63 and CD81), heat shock protein 70 

(HSP70), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), as presented in 

Figure 2D. The constructed mAb-EV-drug was further evaluated by testing the GBM 

targeting, toxicity, and anti-tumor cytotoxicity or efficacy in the following studies. 
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2.2.3. GBM targeting by mAb-EV 

The confocal laser scanning microscopy (CLSM) imaging was used to test the in vitro 

targeted delivery capability of EGFR mAb-EV. As shown in Figure 3A, the mAb-EV-Liss 

Rhod can internalize into the cytoplasm of U87 cells and deliver the packed fluorescent 

dye (displayed as red color) or drugs intracellularly. The in vivo GBM specificity and 

biodistribution of EGFR mAb-Cy5.5 and mAb-EV-Cy7 were evaluated in U87-FLuc 

intracranially xenografted mouse model via i.v. injection. As described in Figure 3B, the 

live-animal IVIS imaging at 24 h demonstrated that the bioluminescent FLuc (tumor) and 

fluorescent Cy5.5 (mAb) overlapped in the brain, which suggested that the EGFR mAb 

penetrated the BBB and accumulated in the GBM xenograft. The ex vivo imaging of the 

important organs, such as the heart, lung, liver, spleen, kidney, and brain, confirmed the 

tumor targeting of the mAb, but also showed distribution of Cy7 in the liver. Furthermore, 

the capability of GBM targeting of mAb-EV-Cy7 was assessed and confirmed in the same 

animal model using IVIS imaging (Figure 3C). The ex vivo images also indicated the 

distribution of mAb-EV-Cy7 in the liver and kidney, probably due to the metabolism of 

Cy7 dye, which needs further investigation. These data showed that both mAb and mAb-

EV can penetrate the BBB, target the GBM xenograft, and deliver the packed cargos. 

 

2.2.4. In vitro anti-cancer cytotoxicity 

First, the in vitro anti-GBM cytotoxicity of eight dosages of free drugs, i.e., TMZ (control, 

standard chemotherapy in clinics) and Ver-A (Figure 4A) were tested with U87 and U251 

cells in 96-well plates. The relative cell viabilities were 100%–0.0% for U251 cells and 

100%–0.0% for U87 cells post treatment with 0, 10, 25, 50, 75, 100, 150, and 200 µM of 
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free TMZ in the end of cytotoxicity assay. The relative cell viabilities were 100%–0.0% 

for U251 cells and 100%–3.6% for U87 cells post treatment with 0, 5, 10, 15, 20, 30, 40, 

and 50 nM of free Ver-A in the end of the assay. The calculated IC50 values were 49.2 µM 

for U251 and 17.5 µM for U87 cells that were treated with TMZ, and 2.1 nM for U251 and 

U87 cells that were treated with Ver-A. These results indicated that the Ver-A reduced 

GBM cell growth at low, single-digit nanomolar concentrations in a dose-dependent 

manner, which was more toxic to GBM cells than TMZ. 

 

Second, to investigate the synergism of standard chemotherapy TMZ and the highly potent 

Ver-A, we also tested multiple dosages of combined TMZ and Ver-A (Figure 4A). The 

combined TMZ/Ver-A showed similar cytotoxicity to both U251 and U87 cells as Ver-A 

only in the tested dosages. The possible reason is that the high potency of Ver-A masked 

the cytotoxicity of TMZ at low dosages. Since TMZ is the standard chemotherapy for 

newly diagnosed GBM, we applied TMZ to treat GBM first to mimic clinical application, 

followed by mAb-EV-Ver-A treatment to evaluate the in vivo anti-GBM efficacy. 

 

Finally, we further investigated the possible anti-tumor mechanism of Ver-A by analyzing 

the proliferation markers in GBM cell lines (U251 and U87) using Western blotting 

analysis. The results showed that 2 nM of Ver-A reduced the expression of oncogenic anti-

proliferation protein cyclin D1 and increased the expression of cyclin-dependent kinase 

inhibitors (p21 and p27) at 48 h after treatment (Figure 4B1). These results are consistent 

with the literature reported anti-cancer mechanism of Ver-A in pancreatic adenocarcinoma 

and prostate cancer 45,60 and our previous results in neuroendocrine cancer 10. This study 
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indicated that Ver-A impacts the regulation of proliferation of GBM cells, although the 

mechanisms need further investigation. As reported in literature 20,21, TMZ is a DNA 

alkylating agent to induce cell cycle arrest at G2/M and eventually lead to apoptosis, which 

has different anti-tumor mechanisms from Ver-A. The Western blot analysis of cyclin D1, 

p21 and p27 in U251 and U87 cells that were treated with 20 µM of TMZ, and 2 nM of 

Ver-A is presented in Figure 4B2. The analysis of cell cycle phase distribution could further 

reveal the anti-GBM mechanism of combined TMZ and Ver-A, which will be performed 

in future. Altogether, the in vitro cytotoxicity study demonstrated that Ver-A is a highly 

potent payload to GBM. 

 

2.2.5. Tolerated dosages (TD)  

To investigate the possible toxicity of mAb-EV-Ver-A, 5 different doses of mAb-EV-Ver-

A, including 0, 0.5, 1, 2, 3, 4, and 5 mg/kg doses, were injected into BALB/cJ via the tail 

vein (n = 2). During the 14 days post injection, the changes of body weight were in the 

range of 4.3–22.7% for all the groups (Figure 5A). The H&E staining of the sections of 

important organs (brain, heart, lung, liver, kidney, and spleen) did not reveal any 

morphology change or necrosis after mAb-EV-Ver-A treatment, indicating minimal or no 

toxicity of the targeting delivered Ver-A (Figure 5B). Two dosages of mAb-EV-Ver-A (1 

and 3 mg/kg), which did not show toxicity, were used in the following in vivo anti-tumor 

efficacy study. The low n value was used in this study and one mouse was lost by accident 

from a dosage of 5 mg/kg, so further toxicology studies are needed to make a statistically 

significant conclusion in the future. 
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2.2.6. In vivo anti-GBM efficacy in intracranial xenograft model 

To evaluate the in vivo treatment efficacy of the targeted delivery of Ver-A by mAb-EV, 

we generated U87-FLuc intracranial xenograft models using 6-week NSG mice. When 

tumor volume reached bioluminescent intensity of over 20,000 on day 7 as detected by 

IVIS imaging, the xenografted mice were treated with 1 mg/kg of TMZ daily on days 7–9 

to mimic the clinical treatment. Then, the mice were further treated with PBS (negative 

control), 1.0 mg/kg mAb-EV-Ver-A, 3.0 mg/kg mAb-EV-Ver-A, and 3.0 mg/kg mAb-EV-

Ver-A in combination with VEGF mAb (positive control) via i.v. injection on days 9, 12, 

16, 23, 30, and 34 post cell implantations. The tumor volume was monitored by measuring 

fluorescent flux with IVIS. The representative IVIS images captured pre- and post-mAb-

EV-Ver-A injection are presented in Figure 6A. Both absolute tumor flux and relative 

tumor volume fold change are described in Figure 6B. Specifically, the GBM tumor growth 

was significantly inhibited in the 1 mg/kg and 3 mg/kg of mAb-EV-Ver-A treatment groups 

as compared to the control group (p ≤ 0.005) during the treatment period. The combination 

with anti-VEGF mAb did not improve the treatment efficacy. In addition, there was no 

obvious body weight difference among all the four groups (Figure 6B), indicating minimal 

side toxicity. The treatment was terminated when the control group showed obvious slow 

locomotion and body weight loss (>20%). The harvested brain tumor tissues were 

sectioned to perform H&E staining to further confirm the anti-GBM efficacy. The H&E 

images demonstrated an obvious reduction of the tumor burden with the treatment of mAb-

EV-Ver-A (Figure 6C). These findings support the hypothesis that mAb-EV-Ver-A can 

effectively target the GBM xenograft and successfully deliver drugs for GBM treatment. 
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2.3. Discussion 

The combination of surgery, radiotherapy, and chemotherapy is still the standard care to 

treat GBM in clinics. Targeted therapies driven by the tumor or immune biomarkers have 

been demonstrated promise in preclinical GBM models. However, as reviewed in literature 

23,61, an extensive number of targeted therapies have failed in clinical trials because of the 

insufficient inhibition of signaling pathway, poor drug delivery efficiency, or tumor 

heterogeneity. Our research identified and evaluated a new drug candidate (Ver-A) as an 

adjuvant therapy post primary treatment and established a targeted delivery vehicle (mAb-

EV) that could penetrate the BBB, target GBM cells, and effectively inhibit tumor growth 

as well as minimize systemic toxicities. To better capture the GBM tumor 

microenvironment, we are developing the patient-derived xenograft model, which could 

be used to further evaluate the new therapy in future studies. 

 

This study demonstrated that Ver-A can kill ~100% cells of multiple GBM lines and inhibit 

tumor growth and reduce tumor volume in a GBM intracranial xenograft model post TMZ 

treatment (mimicking clinic treatment). Ver-A has multiple anti-tumor mechanisms, such 

as inhibition of proliferation, block of cell cycle in the S phase, depolarization of 

mitochondria, and induction of apoptosis, so it could be an ideal drug candidate or an 

adjuvant of standard chemotherapy of DNA alkylating TMZ in GBM treatment. In addition 

to the high potency, these integrated anti-tumor mechanisms of Ver-A could reduce the 

possibility of drug resistance development during long-term treatment. In the future, we 

will further investigate the anti-GBM mechanisms of Ver-A. Moreover, Ver-A is a natural 

compound and has low systemic toxicity. 
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Although multiple drug delivery vehicles (liposome, polymeric nanoparticle, solid lipid, 

and polymeric micelle) have been developed in cancer therapy, it is very challengeable to 

use these synthesized nanoparticles in GBM treatment due to the issues of stability and/or 

the BBB 46. As a natural vesicle, EV has multiple advantages over the synthesized particles, 

including low immune toxicity, high stability, and efficient penetration of the BBB 53,54. 

This study used our established biomanufacturing platform 9,10 to generate EV from human 

cell line, surface-tagged mAb, and the packed drug Ver-A, which demonstrated the 

capabilities of high GBM targeting and effective drug delivery. Importantly, different 

mAbs (single or multiple) can be easily conjugated to the surface of EV to target the well-

known or newly identified receptors in GBM or angiogenesis to cross the BBB. 

 

The literature 57,62-64 and our immunohistochemistry staining of GBM patient tissue 

microarray show that EGFR or EGFRvIII is overexpressed in more than 40% GBM 

patients. The chimeric anti-EGFR mAb, Cetuximab, has been approved by the U.S FDA 

and used to treat head and neck cancer 65,66 and colorectal cancer 67,68. The therapies to 

target EGFR signaling pathways have limited clinical benefits in GBM treatment 69-71, but 

EGFR has been demonstrated as a good surface target, and the anti-EGFR mAb or peptide 

can direct the targeted delivery of therapies to GBM 57,72-75. The anti-EGFR mAb-EV-Ver-

A constructed in this study showed high anti-GBM efficacy, indicating EGFR as a good 

surface receptor to target GBM. To treat the EGFR-GBM, we can tag the mAbs to target 

other surface receptors overexpressed in GBM, such as PDGFR, TGF-βR, CXCR4, uPAR, 

and others as reported in the literature 55,56. 
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The anti-VEGF mAb, Bevacizumab, remains the only U.S FDA-approved molecular 

therapy to treat recurrent GBM. The clinical data showed that Bevacizumab can improve 

the progression-free survival but has no benefit to improve overall survival 76. In this study, 

we tested the combined mAb-EV-Ver-A and anti-VEGF mAb but observed no benefit of 

VEGF mAb in GBM treatment. 

 

In addition to chemotherapy, immunotherapies, such as CAR-T 77-80 and immune 

checkpoint inhibitors of cytotoxic T lymphocyte-associated protein 4 (CTLA-4), 

programmed cell death protein 1 (PD-1), and programmed cell death protein 1 ligand (PD-

L1) 81-83, have been recently investigated for GBM treatment. Moreover, induced 

pluripotent stem cell-based regenerative medicine 84 and gene therapies (adenovirus, herpes 

simplex virus-1, retrovirus, shRNA, siRNA, non-viral vectors) have been developed and 

evaluated 85-88. We will evaluate the combination of our mAb-EV-Ver-A and 

immunotherapy or gene therapy for GBM treatment in the future. 

 

The targeted mAb-EV has great potential to deliver chemotherapy to treat the highly 

aggressive glioblastoma because of the capability to cross the blood–brain barrier, 

specificity of tumor targeting, and advantage to deliver combined therapies such as 

chemotherapy, gene therapy, and others. The natural compound, verrucarin A, has a high 

potency and low systemic toxicity in glioblastoma treatment, which could provide a new 

therapy for patients. Despite these promising results, the developed mAb-EV-Ver-A needs 

further pre-clinical evaluations such as pharmacokinetics, pharmacodynamics, and 

immune modulatory responses in the future. 
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2.4. Materials and methods 

2.4.1 Cell lines, seed cultures, and media 

The human GBM cell lines, including malignant U251 (MilliporeSigma, Manassas, VA, 

USA), U87 (ATCC, Manassas, VA, USA), and U87-FLuc (ATCC), were used to evaluate 

the developed targeted therapy. The U251 cells were maintained in EMEM (Gibco, Grand 

Island, NY, USA) supplemented with 2 mM L-glutamine, 1% non-essential amino acids 

(NEAA), 1 mM sodium pyruvate, 10% fetal bovine serum (FBS), and 1% 

penicillin/streptomycin (P/S) in T25 or T75 flasks (Fisher Scientific, Waltham, MA, USA). 

The U87 and U87-FLuc cells were maintained in EMEM supplemented with 10% FBS and 

8 µg/mL Blasticidin. The normal human astrocyte cell line NHA (Lonza, Greenwood, SC, 

USA) and the negative control of GBM were maintained in DMEM (Gibco) containing 

10% FBS. All cell cultures were maintained in CO2 incubator (Caron, Marietta, OH). The 

cell growth was monitored by analyzing viable cell density (VCD) and viability. 

 

2.4.2. Intracranial xenograft model 

The five-week-old NSG (NOD.Cg-Prkdc<scid> Il2rg<tm1Wjl>/SzJ) mice were purchased 

from Jackson Laboratory (Bar Harbor, ME, USA) to generate a GBM intracranial 

xenograft model. A total of 5 × 105 of U87-FLuc cells were stereotactically injected into 

mice using the Stereotaxic Instrument (Fisher Scientific) following our reported protocol 

11. 
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2.4.3. Construction of mAb-EV-drug 

As detailed in our previously published platform 9, EV was produced by HEK293 cells in 

a FreeStyleTM 293 expression medium (Gibco). Briefly, the 250 mL of basal medium 

supplemented with 6 g/L glucose, 6 mM L-glutamine, and 3.5 g/L Cell Boost 6 was 

inoculated with HEK293 cells with a seeding density of 0.3 × 106 cells/mL in 1 L shaker 

flasks. The EV production culture was incubated at 37 °C and an agitation of 80 rpm. The 

spent medium was collected when cell viability dropped <80%. The harvested EV was 

purified with the size exclusion column of Vivaspin 300 kDa MWCO or the fast flow 

affinity purification column packed with NHS-activated Sepharose (Cyvita, Marlborough, 

MA, USA), which was coupled with an anti-CD63 antibody (BioLegend, San Diego, CA, 

USA). The EV purity isolated with size exclusion purification is enough to deliver drugs 

in vivo, as validated in our previous study 9. The generated EV was titrated with NanoSight 

(Malvern Panalytical, Malvern, UK) and characterized with Western blotting. Then, the 

mAb-EV was constructed by tagging anti-EGFR mAb to EV via DSPE-PEG-NHS linker 

and modified with mPEG-DSPE to improve its circulation stability following our 

established procedure 9. The literature also reported that the PEG tagged on the surface of 

EV could provide stealth property to “evade” the immune response 9, reduce the clearance 

rate, and extend the circulatory half-life 7 of the engineered EV. The untagged mAb, linker, 

and stabilizer were removed using a Vivaspin 300 kDa MWCO column. Finally, the mAb-

Exo-drug was generated by incubating a 10 × 1010 particle (ptc) of EV with 0.101 mg (200 

nanomole) of Ver-A in 8 mL of PBS overnight at room temperature, and the unpacked free 

drug was removed with the Vivaspin 100 kDa column. The mAb-EV (1 × 1012 ptc) was 

labeled with Liss Rhod or Cy7 fluorescent dye (16.7 nmol) via mPEG-1, 2-Distearoyl-sn-
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glycero-3-phosphoethanolamine (DSPE, 2 µmol) to monitor the in vitro drug uptake or in 

vivo drug biodistribution, respectively. 

 

2.4.4. In vitro anti-GBM cytotoxicity 

To test in vitro anti-GBM cytotoxicity 8, the U251 or U87 cells were seeded in 96-well 

plates with a density of 5 × 104 cells/mL in 200 µL of growth medium and incubated for 

24 h. The 5-day treatment was performed by adding free TMZ (0, 10, 25, 50, 75, 100, 150, 

or 200 µM), free Ver-A (0, 5, 10, 15, 20, 30, 40, or 50 nM), or combined TMZ (0–50 µM) 

and EV-Ver-A (0–10 nM). The treated cells were washed using PBS, and 100 µL fresh 

culture medium was added to the wells after wash. Then TACS 2,5-diphenyl-2H-

tetrazolium bromide (MTT) Cell Proliferation Assay (R&D Systems, Minneapolis, MN, 

USA) was performed to test the relative cell viability by adding 10 μL of MTT reagent to 

each well to develop a purple color, adding 100 μL of detergent reagent, and reading OD 

values at 570 nm, which is proportional to the viable cell number. The IC50 values were 

calculated using ED50V10 Excel add-in. 

 

2.4.5. Patient tissue array (TMA) and immunohistochemistry (IHC) staining 

The brain GBM tissue arrays, including 35 cases and 70 cores, were purchased from US 

Biomax (Derwood, MD, USA). IHC staining was performed to identify the surface 

receptor in patient tissues as we described before 12,89. The TMA slides were stained with 

rabbit anti-human EGFR mAb (Abcam, Waltham, MA, USA) and counterstained with 

hematoxylin. 
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2.4.6. Western blotting 

Western blotting analysis was performed to analyze EGFR expression and the proliferation 

markers, such as Cyclin D1, p21, and p27, and post mAb-EV-Ver-A treatment in U87 and 

U251 cell lines was performed following previously established protocols 9,10. 

 

2.4.7. Flow cytometry analysis 

The GBM surface binding rate of anti-human EGFR mAb in U87 and U251 cells was 

evaluated and quantitated using a BD LSRII flow cytometer (BD Biosciences, San Jose, 

CA, USA) following our published methods [41]. Briefly, the mAb was labeled with Alexa 

Fluor™ 647 labeling kit. The 1 × 106 of GBM cells were collected, washed, and re-

suspended in 100 µL of PBS containing 1% FBS, and incubated/stained with 1 µg of 

AF647-EGFR mAb at room temperature for 30 min. The stained cells were washed three 

times with PBS and analyzed with a flow cytometer. The absolute cutline of negative 

staining, i.e., glioblastoma cells without antibody staining, was used in gating. 

 

2.4.8. Transmission electron microscope (TEM) 

The TEM image was taken to confirm the isolated EVs. First, the EV sample was solved 

in 10 mM Tris buffer and concentrated with 300 kDa column. Second, the formvar-carbon-

coated grid was discharged through K100X Glow Discharge with parameters of 50 mA 

and 20 s. Third, the EV sample was applied to grid for 1 min and negatively stained with 

1% filtered uranyl acetate. Fourth, the sample on the grids was imaged with a Tecnai T12 

transmission electron microscope (FEI, Hillsboro, OR, USA) equipped with AMT CCD 

camera. 
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2.4.9. Confocal imaging 

The in vitro uptake of mAb-EV by GBM cell lines was confirmed with two-color confocal 

microscopy imaging 10. Briefly, the mAb-EV was stained with Liss Rhod fluorescent dye 

(red) with mAb-EV:Liss Rhod:mPEG-DSPE molar ratio of 1:10,000:300,000 at room 

temperature with overnight horizontal shaking in the dark. The free dye was removed by a 

100 kDa MWCO concentrator. The U251 cells were seeded in a chambered glass coverslip 

with viable cell density of 1 × 105 cells/mL, and the cytoplasm and nucleus of cells were 

infected and stained with BacMam GFP Transduction Control (Green) at MOI of 50 for 

overnight. Then, mAb-EV-Liss Rhod was mixed and incubated with GBM cells overnight. 

After washing with the fresh cell growth medium, the live-cell images were collected using 

Nikon A1R-HD25 confocal microscope with a high-speed resonance scanner (Nikon USA, 

Melville, NY, USA). 

 

2.4.10. In Vivo Imaging System (IVIS) imaging 

The tumor growth of U87-FLuc cell line-derived intracranial xenografted NSG mouse 

model was monitored by measuring bioluminescent signal (FLuc) with IVIS Lumina Series 

III (PerkinElmer, Waltham, MA, USA) every three to four days post tumor cell 

implantation. To confirm the in vivo GBM targeting and the capability to penetrate the 

BBB of the mAb-EV-drug, 3 × 1011 particles (ptc) of Cy7-labeled mAb-EV or 50 µg of 

Cy5.5-labeled mAb was intravenously (i.v.) injected into mice via the tail vein. Then, the 

xenograft mice were imaged under IVIS to capture the tumor bioluminescence (FLuc) at a 

wavelength of 550 nm and the targeted delivered fluorescence (Cy7) at a wavelength of 

750 nm of xenograft binding at 24 h post injection. The in vivo biodistribution and GBM-
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targeting of mAb or mAb-EV was analyzed by detecting the co-localization of FLuc and 

Cy7 signals. Furthermore, the important organs, such as the brain, heart, lung, kidney, and 

spleen, were also extracted to collect ex vivo images to check the possible off-target 

binding. 

 

2.4.11. Tolerated dosage (TD) study 

To investigate the tolerated dosages of targeting delivered Ver-A and its potential toxicity, 

six doses of mAb-EV-Ver-A (i.e., 0, 1, 2, 3, 4, and 5 mg/kg) were i.v. injected into the non-

tumor bearing BALB/cJ mice (Jackson Laboratory) via the tail vein (n = 2). The body 

weight of mice was monitored every 2 days for a total of 14 days. All mice showed no 

overt changes in general health and body weights (>20%). At the end of the study, the mice 

were sacrificed to collect the major organs, including the brain, heart, lung, liver, kidney, 

and spleen, for hematoxylin and eosin (H&E) staining to analyze the potential toxicity of 

mAb-EV-Ver-A. 

 

2.4.12. In vivo anti-GBM efficacy study 

The U87-FLuc intracranially xenografted NSG mice were randomized into 4 groups (n = 

5) when the FLuc bioluminescence intensity was higher than 20,000 in IVIS imaging on 

day 7 post transplantation. To mimic clinical treatment, all xenograft mice were treated 

with 1 mg/kg of free TMZ via i.p. injected daily on days 7–9. Then the mice were treated 

with mAb-EV (negative control), 1.0 mg/kg of mAb-EV-Ver-A, 3.0 mg/kg of mAb-EV-

Ver-A, and 3.0 mg/kg of mAb-EV-Ver-A in combination with 5 mg/kg of anti-VEGF mAb 

via tail vein injection on a Q3/7Dx6 schedule (3/7-day interval for 6 injections). The body 
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weight and tumor volume were monitored every 3–4 days. The mice were sacrificed when 

we observed slow locomotion and obvious body weight drop in the control group. 

 

2.4.13. Hematoxylin and eosin (H&E) staining 

The sections of major organs harvested from the in vivo treatment with mAb-EV-Ver-A 

were stained with H&E. The detailed staining procedure has been reported in our previous 

publications 12,89. 

 

2.4.14. Statistical analysis 

The experimental data were presented as mean ± standard error of the mean (SEM). Two 

group comparisons were performed using unpaired Student’s t test to determine the 

probability of significance. Comparison was performed using a one-way ANOVA 

followed by post-hoc (Dunnett’s) analysis. The sample size in animal study was determined 

following our previous therapy study 13. Statistical significance with ** p value of <0.005 

was considered for all tests. 
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Figures 

(A) IHC staining of patient tissue microarray (TMA) to analyze EGFR surface expression 
in GBM (35 cases, 70 cores). Scale bar equals 20 µm. (B) Evaluation of surface binding 
rate of VEGF mAb-AF647 (blue) or EGFR mAb-AF647 (red) in GBM U87 and U251 
cells by flow cytometry analysis. One million cells were stained with 1 μg of mAb-
AF647 at room temperature for 30 min. (C) Western blotting analysis of EGFR in two 
GBM cell lines. 1: U87; 2: U251; and 3: marker. 
 

Figure 1. EGFR expression in GBM 
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Figure 2. Characterization of mAb-EV-drug. 

(A) Construction and structure of mAb-EV-Ver-A: mAb was surface tagged on EV via 

DSPE-PEG-NHS and payload Ver-A was packed in EV. (B) Size distribution by 

NanoSight assay. (C) TEM image of mAb-EV-Ver-A. Scale bar equals 100 nm. (D) 

Western blotting analysis of EV biomarkers (CD63, CD81, HSP70, and GAPDH). 

A B C 
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(A) Live-cell CLSM imaging of mAb-EV-Liss Rhod internalization in U87 cells. Two-

color CLSM: whole cell labeled with GFP (displayed as green) and mAb-EV labeled with 

Liss Rhod (displayed as red). Scale bar equals 10 µm. (B) In vivo live animal and ex vivo 

IVIS imaging of tumor and important organs to analyze tumor targeting and biodistribution 

of mAb-Cy5.5 at 24 h post i.v. injection in U-87-FLuc intracranial xenograft mouse model 

(n = 3). (C) IVIS imaging of the live animal and tumor and organs to analyze tumor 

targeting and biodistribution of mAb-EV-Cy7 at 24 h post i.v. injection (n = 3). 

Figure 3. Evaluation of GBM targeting of mAb-EV. 
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(A) Evaluation of TMZ, Ver-A, and combined TMZ and Ver-A using U87 and U251 

cells. ∆: U251 and ○: U87. Data represent mean ± SEM, n = 3. (B) Western blotting 

analysis of proliferation and apoptosis biomarkers in U87 cells and U251 cells treated with 

(B1) Ver-A or (B2) TMZ in combination with Ver-A. M: marker; 1: GBM cells without 

treatment; 2: GBM cells treated with 2 nM Ver-A or 20 µM TMZ and 2 nM Ver-A. 

A 

B1 

B2 

Figure 4. In vitro anti-GBM cytotoxicity of free drugs. 
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(A) Body weight change of non-GBM carrying BALB/cJ mice after treatment with five 

dosages of mAb-EV-Ver-A, including 0 (●, ○), 1 (■, □), 2 (▲, ∆), 3 (♦, ◊), 4 (●, ○), and 5 

(■) mg/kg (n = 2). (B) H&E staining of main organs, including the brain, heart, lung, liver, 

kidney, and spleen. Scale bar equals 20 µm. 

 

Figure 5. Tolerated dosage (TD) and toxicity analysis of mAb-EV-Ver-A. 
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All mice were treated with 1 mg/kg TMZ daily on days 7–12. (A) Representative IVIS 

images of GBM intracranial xenograft mice treated with EGFR mAb-EV-Ver-A on days 

12, 16, 23, 30, and 34. (B) Tumor flux, volume fold change, and body weight profiles. 
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Figure 7. In vivo evaluation of the anti-GBM efficacy of mAb-EV-Ver-A. 

Figure 6. In vivo evaluation of the anti-GBM efficacy of mAb-EV-Ver-A 
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Tumor growth was monitored by measuring the FLuc bioluminescence using IVIS, and 

body weight was measured every 3–4 days. The blue arrows indicate the I.P. administration 

of TMZ. The red arrows indicate the I.V. administration of mAb-EV-Ver-A. ○: PBS 

(control); ●: 1.0 mg/kg mAb-EV-Ver-A; ■: 3.0 mg/kg mAb-EV-Ver-A; and ▲: 3.0 mg/kg 

mAb-EV-Ver-A in combination with VEGF mAb injection on Q3/7Dx7. ** p < 0.005 vs. 

control using ANOVA followed by Dunnett’s t-test. Data represent mean ± SEM, n = 5. 

(C) Representative H&E staining of brain tissue section. Scale bar: 1 mm. 
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Abstract  

Recombinant adeno-associated virus (rAAV) has been developed as a safe and effective 

gene delivery vehicle to treat rare genetic diseases and recently expanded to treat heart 

failure, cancers, and organ dysfunction. This study aimed to establish a novel 

biomanufacturing process to achieve high production and purification of various AAV 

serotypes (AAV2, 5, DJ, DJ8). First, a robust suspensive production process was developed 

and optimized using Gibco Viral Production Cell 2.0 in 30-60 mL shaker flask cultures by 

evaluating host cells, cell density at the time of transfection and plasmid amount, adapted 

to 60-100 mL spinner flask production, and scaled up to 1.2-2.0-L stirred-tank bioreactor 

production at 37 oC, pH 7.0, 210 rpm and DO 40 %. The optimal process was scaled up 

and generated AAV with volumetric titer of 7.52x1010 vg/mL. Second, a new AAV 

purification using liquid chromatography was developed and optimized to reach recovery 

rate of 85-95 % and good purity of all four serotypes. Different post-purification desalting 

and concentration procedures were also investigated. Then the generated AAVs were 

evaluated in vitro using Western blotting, transmission electron microscope, confocal 

microscope, and bioluminescence detection. Finally, the in vivo infection capability and 

functional gene expression of AAV were confirmed in tumor xenografted mouse model. 

In conclusion, this study reported an advanced robust, scalable, and universal 

biomanufacturing platform of AAV production, clarification, and purification.  

 

Keywords: Adeno-associated virus (AAV), biomanufacturing, bioproduction, purification  
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3.1. Introduction 

Since adeno-associated virus (AAV) was first identified in 1965, hundreds of variants have 

been isolated from adenovirus stocks or primate tissues 90. Different serotypes of AAV1-

10 could preferentially transduce or induce specific types of cells or tissues, enabling 

organ-based gene delivery 91-93. Various recombinant AAVs (rAAVs) have been 

constructed to transduce a wide range of living cells (dividing and non-dividing) and 

deliver genes of interests 94,95. rAAV constitutes 20–25-nm non-envelop protein capsid 

(virion protein 1 [VP1], VP2 and VP3) and < 4.9-kb genome of single-stranded DNA 

(ssDNA), including the gene of interest, flanked by inverted terminal repeats 96,97. Novel 

engineered chimeric AAV capsids, such as AAV-DJ, -DJ8 and others, have been 

constructed by Kay 98, Samulski 99 and Schaffer 100 Laboratories to escape AAV 

neutralization by pre-existing serum antibodies, increase in vivo infection efficiency, and 

enhance circulation stability. 

 

Several AAV-mediated gene therapies 101,102, including Glybera (AAV1 delivering S447X, 

withdrawn from market) for lipoprotein lipase deficiency treatment, Roctavian (AAV5 

carrying clotting factor VIII) for adults with severe hemophilia A, Hemgenix (AAV5 

delivering clotting factor IX) for hemophilia B, Luxturna (AAV2 carrying functional 

RPE65 gene) to treat inherited retinal disease, Zolgensma (AAV9 carrying SMN1) for 

children below two years old with spinal muscular atrophy, and Elevidys (AAV delivering 

micro-dystrophin protein) for ambulatory pediatric patients, have been approved so far. As 

compared to conventional nanoparticle-mediated gene delivery vehicles, rAAV has 

advantages of high infection rate, long-term transgene expression, low immunogenicity, 



35 

and minimal toxicity in clinical applications 90,103,104. Over 130 AAV-delivered gene 

therapies have been evaluated in clinical trials during last two decades 105 and hundreds of 

clinical trials are on-going to treat Alzheimer, Parkinson, and other diseases 106-109. Due to 

the promising clinical and pre-clinical achievements of these gene therapies, an advanced 

AAV biomanufacturing procedure with high productivity, quality and recovery rate for 

multiple serotypes is highly needed. 

 

Literature has reported several suspensive bioproduction processes of AAV expression 

vectors using HEK cells and triple-plasmid transfection 110. For instance, Daniel et al. have 

reported a polyethylenimine (PEI)-mediated transfection of suspensive HEK 293 cells to 

produce AAV2/8 and AAV2/9 carrying green fluorescent protein (GFP) with titer of 

2 × 108 vg/mL at 10–30 mL scale 111. The purification procedure using iodixanol gradient 

ultracentrifugation and immunoaffinity chromatography with POROS CaptureSelect resin 

has generated recovery rate of 35.6% and 17.9%, respectively. Grieger et al. have well 

adapted HEK 293 cell in suspension culture, transfected with three plasmids and PEI Max, 

and produced AAV serotypes 1–6, 8 and 9 in 30-mL shaker flask culture and 2 or 4-L 

WAVE bioreactor culture with titer of 0.9–3.5 × 1010 vg/mL 112. The ion exchange 

purification using 5-mL HiTrap Q HP column generated rAAV with purification recovery 

of 39–49%. In another study, the suspensive HEK 293 T cells have been transfected with 

PEI Max and three plasmids to generate AAV serotypes of 1, 2, 5, 8 and 9 in 30-mL or 1-

L shaker flask cultures, which achieved final titer of > 1 × 1011 vg/mL 113. The affinity 

purification using AVB-Sepharose with POROS CaptureSelect has yielded an estimated 

recovery of 27.9–76.9%. In our previously developed AAV biomanufacturing process, 



36 

suspensive HEK 293F cells and PEI transfection reagent or liposomes produced up to 

7.86 × 109 vg/mL of chimeric AAV-DJ8 in 30–450 mL of shaker flask or spinner flask 

cultures 114. To meet the increasing demand of clinical materials, a more advanced 

biomanufacturing platform with high AAV productivity and recovery rate is needed. 

 

This study aimed to develop a robust and scalable biomanufacturing platform to produce 

AAVs in stirred-tank bioreactor, purify various AAV serotypes using liquid 

chromatography, and improve overall recovery rate in the procedures of clarification, 

purification and post-purification operations. The effects of host cell, key transfection 

parameters (e.g., viable cell density, transfection reagent, ratio of plasmid DNA: cell), 

production scale, clarification strategy, purification column with different loading and 

elution conditions, and desalting and concentration method were evaluated and compared. 

Importantly, this study evaluated the scale-up robustness of our developed bioproduction 

and purification processes, which is essential to adapt it from Good Laboratory Practice 

(GLP) to future Good Manufacturing Practice (GMP) production. The generated AAVs 

were fully evaluated in terms of capsid protein expression, morphology, transduction 

capability, tissue-specific infection, and functional expression of delivered gene. The 

advanced AAV biomanufacturing reported in this study could benefit the future GMP 

production of multiple AAV serotypes and their further pre-clinical and clinical evaluations. 

 



37 

3.2. Results and discussion 

3.2.1. Advanced biomanufacturing of AAV 

The process flow diagram (PFD) of an advanced AAV biomanufacturing was developed 

in this study, including suspensive production, bioproduction scale up, clarification, liquid 

chromatography purification and scale up, post-purification process, storage and 

evaluations (Fig. 7). The AAV production process development was performed in shaker 

flasks at scale of 30–100 mL and in spinner flasks with 60–100 mL of cultures. The 

production process in 1.2–2.0 L of stirred-tank bioreactors with process parameter control 

could be applied to pilot plant production and possible large-scale manufacturing 

production. As detailed later, the key production parameters identified in this study include 

host cell selection, transfection condition, and agitation speed. Two-step universal 

separation process using anionic exchange chromatography and ultrafiltration has been 

developed to purify multiple AAV serotypes. The post-purification desalting and 

concentration procedures have also been investigated. This study reported an advanced 

generic AAV biomanufacturing process of production, clarification and purification. 

Importantly, the developed platform is robust, scalable, and applicable to cover multiple 

(if not all) serotypes. 

 

3.2.2. Development of suspensive AAV production and clarification 

We first compared two suspensive host cells, i.e. HEK 293F and VPC, in shaker flask 

production at 37 °C, 8% CO2 and 125 rpm. Both seed and production cultures showed that 

VPC cells had significantly lower cell clumping than HEK 293F. The VCD of VPC 

reached > 4.0 × 106 cells/mL on Day 1 post transfection, followed with VCD and viability 
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dropping to ~ 3.4 × 106 cells/mL and 82% and AAV-DJ8 titer increased significantly from 

Day 2 (Fig. 8). AAV was harvested at 72 h post transfection with VCD of 2.8 × 106 

cells/mL and cell viability of 70–80% in shaker flask. The dynamic production profile 

revealed a significant increase of AAV titer from Day 2 to Day 3. Similar cell growth and 

AAV productivity were observed in the productions of AAV2, AAV5 and AAV-DJ (cell 

culture profiles not shown). As summarized in Table 1, the volumetric productivity of 

AAV-DJ8 using the same triple plasmids, pAAV-NLuc-GOI (~ 3.9 kb), pAAV Rep-Cap 

and pHelper, was 0.50–0.53 ± 0.08 × 1010 vg/mL by HEK 293F and 2.40 ± 0.06 × 1010 

vg/mL by VPC cells under respective optimal transfection conditions. It is obvious that 

VPC produced about 5-fold higher AAV in shaker flask than HEK 293F. Therefore, the 

process development and scale up in this study used VPC. 

 

Our previous study showed that the cell density at the time of transfection and amount of 

plasmid DNA are other two key transfection parameters to improve AAV production 114. 

Therefore, we evaluated the effects of cell density at the time of transfection (2.0, 3.0, and 

4.0 × 106 cells/mL) and ratio of total plasmid DNA/VPC cells (0.4, 0.5, and 0.6 μg/million 

cells) in shaker flask productions. As presented in Fig. 8A and B, the optimal transfection 

VCD is 3.0 × 106 cells/mL and plasmid DNA: VPC ratio is 0.5 µg: 106 cells, which 

generated final AAV titer of 5.6–10.0 × 1010 vg/mL. Therefore, our scaling up evaluation 

and purification development studies used the optimal transfection VCD and plasmid DNA 

amount identified here. 
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Then the optimal suspensive production process was validated with four AAV serotypes, 

using pAAV2, 5, DJ and DJ8 Rep-Cap, expression vector with ~ 3.9 kb of inserted genes 

and pHelper, in shaker flask and/or bioreactor cultures at the developed conditions. The 

optimal transfection formulation, i.e. pAAV expression: pAAV Rep-Cap: pHelper ratio of 

1:3:1, DNA: cell ratio of 0.5 µg:1 million cells, 10% viral-plex buffer and 0.6% AAV-

MAX transfection reagent, and supplement of 0.3% booster and 1% enhancer, was applied. 

The qPCR titration of intracellular AAV showed similar range of productivity of 

7.88 ± 0.39, 2.97 ± 0.13, 2.40 ± 0.06, and 5.60 ± 5.14 × 1010 vg/mL for AAV2, AAV5, 

AAV-DJ8, and AAV-DJ, respectively (Table 1). These results demonstrated that the 

suspensive AAV production process can be used to generate multiple serotypes. 

 

Furthermore, we investigated and compared several raw AAV clarification strategies, 

including direct lysis of cell culture broth and lysis of cell pellets after centrifugation. The 

direct lysis by adding AAV-MAX lysis buffer and other supplements (MgCl2 and 

benzonase) and incubating the lysis mixture at 37 °C was time-consuming (2–6 h), and also 

had poor cell lysis efficiency in some batches which could be caused by culture variations. 

Then we tested the strategy of centrifugation to collect cell pellets followed with two lysis 

options as detailed in Section “AAV clarification”. Our results demonstrated that both 

strategies, i.e. incubation at 37 °C and repeated freeze–thaw cycles, achieved 95–100% 

VPC lysis. The lysis of culture broth enables direct collection of raw AAV from most 

productions tested in this study, but cell pellet lysis could achieve high AAV release 

efficiency (as confirmed with cell lysis rate), reduce lysis reagent amount and simplify 

clarification operation in bioreactor-based production. 
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3.2.3. Bioproduction scale-up 

Before scaling up shaker flask production process to stirred-tank bioreactor, AAV 

production was evaluated in 250-mL spinner flask with working volume of 60–100 mL. 

The agitation speeds of 75, 100, 125 and 150 rpm were tested. The low agitation speed 

caused significant cell aggregation and shortened culture longevity. The AAV productions 

in spinner flask presented in Table 1 were performed at 37 °C, 210 rpm and 8% CO2. As 

compared to shaker flask, spinner flask production reached maximal VCD of 4.3–4.6 × 106 

cells/mL on Day 2 and VPC cells containing AAV were harvested at viability of 70–80% 

(Fig. 9). Similar to shaker flask cultures, AAV titer was significantly increased from Day 

2 to Day 3 in spinner flask. It was observed that spinner flask production was less than 20% 

of that in shaker flask, i.e., 0.41 vs 2.40 × 1010 vg/mL. These results suggested that the 

suspensive transfection and AAV production in stirred tank is feasible, but the process 

parameters need further optimization for high productivity. 

 

Next, we investigated the process scale up to stirred-tank bioreactor using seed cultures 

from shaker flask or spinner flask. Both strategies showed similar cell growth and AAV 

production, so all bioreactor productions presented in this study used shaker flask seed 

cultures. As shown in Fig. 10, the maximal VCD reached 6.15 × 106 cells/mL (AAV-DJ8) 

or 7.60 × 106 cells/mL (AAV-DJ) and harvest viability was about 90–95% (AAV-DJ8) or 

80–85% (AAV-DJ) at 72 h post triple-plasmid transfection, which had different cell growth 

kinetic profile from those in shaker flask and spinner flask. The production titers of 

8.14 ± 1.91 × 1010 vg/mL for AAV-DJ and 7.52 ± 0.49 × 1010 vg/mL for AAV-DJ8 were 

obtained on Day 3 in 1.2–2-L bioreactor production at 37 °C, pH 7.0, 210 rpm and DO 
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40%. It is clear that VPC cell growth was enhanced by ~ 50% and AAV titer was improved 

by > 100% in stirred-tank bioreactor as compared to shaker flask (Table 1). These process-

scaling up data demonstrated that our AAV production process was robust and scalable in 

bioreactors, which is important to future industrial productions to support clinical trials or 

potential clinical applications. 

 

3.2.4. Purification development and scale-up 

Multiple commercial columns for AAV purification have been evaluated in this study 

(Table 1), including Cytiva HiTrap Q Sepharose XL strong anion exchange column, Cytiva 

Sepharose Fast Flow anion exchange column, Cytiva HiTrap AVB Sepharose column, Bio-

Rad Foresight Nuvia HPQ column, and Bio-Rad EconoFit Nuria aPrime 4A. The primary 

purification method using NGC liquid chromatography equipped with these columns were 

developed. 

 

As shown in Fig. 11, aPrime 4A column achieved purification recovery of > 85% using 

equilibration buffer A (25 mM Tris–HCl, 20 mM NaCl, pH 9.0) and elution buffers of A 

and B (25 mM Tris–HCl, 1 M NaCl, pH 9.0). Linear elution (0 ➔ 100% increase of buffer 

B) in aPrime 4A column did not well separate AAV from other peaks (data not shown). 

The stepwise elution (0, 15, 25, 70, 85 and 100% of buffer B) at flow rate of 1.0 mL/min 

well separated AAV peak from other impurities, with high binding rate of 85–95% and 

elution rate of ~ 100%, using 1-mL aPrime 4A column and pellet lysate from 20-mL culture 

(Fig. 11A). The binding rate was calculated by titrating raw AAV samples and flow 

through collection. We further increased the loading amount of raw AAV by using pellet 
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lysate from 100-mL culture in 1-mL aPrime 4A column, which showed that the AAV 

binding rate was reduced to < 80% although the binding amount was significantly 

increased (Fig. 11B). The representative chromatography profile of AAV-DJ8 was 

described in Fig. 11, but four serotypes of AAV2, 5, DJ and DJ8 were tested using the same 

column, loading and elution conditions, which did not show obvious difference in binding 

and elution. These results confirmed the robustness and scalability of our primary AAV 

purification using IEX. Small amount of AAV was detected in flow through and other 

elution peaks from aPrime 4A column. Further optimization of sample loading and elution 

conditions (e.g. flow rate and stepwise strategy of buffer B) might be able to increase the 

overall purification recovery rate. 

 

The stepwise elution (0, 50, 65 and 100% of buffer B) of raw AAV lysis from 20-mL pellet 

using 1-mL HPQ column showed lower binding and overall recovery rate of 40–60% (Fig. 

11C) than aPrime 4A. Furthermore, we scaled up the purification process to a 5-mL pre-

packed commercial HPQ column, loaded with AAV lysis from 50-mL pellet (Fig. 11D), 

and to an in house packed 25-mL column using the same Nuvia HPQ media. The similar 

binding rate, elution profile and recovery rate were observed in both 5-mL and 25-mL HPQ 

columns while significant (~ 50%) amount of AAV was detected in flow through and other 

elution peaks using HPQ column. 

 

The evaluations of other commercial columns showed that the Q Sepharose IEX column 

had low AAV binding rate (< 5%) and AVB Sepharose affinity column showed weak 

binding rate (< 5%) of AAV2 and DJ8 using the manufacturer provided purification 
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parameters as detailed in Section “AAV purification”. Taken together, the IEX purification 

using aPrime 4A column with stepwise elution was identified as the optimal primary 

purification in this study although further development and optimization is needed in future. 

The secondary purification using ultrafiltration and other strategy such as G25 column or 

dialysis was tested to concentrate and desalt (i.e. buffer exchange) the purified AAV. The 

AAV2, 5 and DJ8, which were filtered, concentrated and washed with PBS using 100 kDa 

MWCO PES column following manufacture procedure, showed high recovery rate 

(> 90%). However, the AAV-DJ elute from IEX column blocked PES column, and 100 

kDa MWCO regenerated cellulose column was identified as a suitable column to 

ultrafiltrate AAV-DJ with high recovery rate of 90%. The alternative strategies are to 

combine desalting operation using HiTrap G25 column equipped in liquid chromatography 

system following the manufacture protocol or 20 kDa dialysis cassette with additional 

ultrafiltration concentration or refrigerated vacuum concentrator. The purified AAVs were 

aliquoted in formulation buffer of 1 × PBS, 5% Sorbitol and 350 mmol/L NaCl, and stored 

at -80 °C for long term. 

 

3.2.5. Quality evaluations of produced AAV 

Although the developed biomanufacturing process was validated using four serotypes of 

AAV, the AAV-DJ8 was applied in the following characterizations or evaluations. To 

characterize the AAV-DJ8 produced from our developed bioprocess, SDS-PAGE was 

performed with silver staining and detected three capsid proteins, 87-kDa VP1, 73-kDa 

VP2 and 62-kDa VP3 (Fig. 12A). Western blotting was carried out to analyze the purified 

AAV, which confirmed the integrity and expression of all three capsid proteins (Fig. 12B). 
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Moreover, TEM image confirmed the right size and morphology of AAV (Fig. 12C). In 

addition to high productivity and recovery, transduction capability of functional AAV was 

also evaluated using live-cell imaging. As described in Fig. 13, glioblastoma U251 cells 

(green color, GFP labelled) were transduced with Cy5.5-labelled AAV-DJ8 (red color), 

and confocal microscope imaging demonstrated that AAV accumulated around the DAPI-

stained nucleaus (blue color) within 24 h post incubation. These images revealed that our 

AAV could effectively transduce cells in vitro. 

 

The in vivo AAV induction and functional expression of AAV-delivered gene were tested 

by intracranially injecting 1 × 1010 vg of AAV-DJ8 into the glioblastoma U251 xenograft 

NSG mouse models. As described in Fig. 14A, the NLuc gene was delivered to 

glioblastoma tumor and functionally expressed to generate bioluminescence in vivo with 

induction of ViviRen (37 µg, intravenous injection), as detected by live-animal IVIS 

imaging. This result also confirmed the gene expression in tumor only facilitated with the 

tumor-specific promoter in AAV expression vector 114. It was observed that the in vivo 

NLuc bioluminecence lasted 1–2 h post injection of substrate ViviRen. 

 

Furthermore, we transduced 5 × 104 cells of U251 that were seeded in 96-well plates with 

AAV-DJ8 at MOIs of 0, 1,000, 2,500, 5,000, and 7,500. Neither MOI of 0 (25 µM of 

ViviRen only) nor 1,000 generated bioluminescence signals while MOIs of 5,000 and 

7,500 had strong bioluminescence (Fig. 14B). Higher MOI of AAV generated stronger 

bioluminescence than lower MOI in 6-well plate cultures. The dynamic SpectraMax iD3 

profiles showed that the bioluminescence signal decreased to minimal levels within 25 min 
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post induction in vitro (Fig. 14C). All these characterization and evaluation data 

demonstrated that our new biomanfuacturing process generated high-quality AAVs. 

 

3.2.6. Advantages of our AAV biomanufacturing process 

This study developed a novel AAV biomanufacturing procedure with multiple advantages 

as compared to previously reported production processes. First, high productivity can be 

achieved in the stirred-tank bioreactor-based production. Second, the developed process is 

robust and scalable to large-scale biomanufacturing for future pre-clinical and clinical trials. 

Third, good-purity AAV was generated using the identified ion-exchange columns and 

developed purification protocols. Fourth, the good-quality AAV produced from the 

developed process can be used in vitro and in vivo without detected side effects such as 

fever or immune toxicity. Most importantly, the developed universal biomanufacturing 

process can be applied to produce and purify different serotypes of AAV (AAV2, 5, DJ 

and DJ8 in this study). 

 

3.2.7. Prospective AAV biomanufacturing 

This study developed a scalable suspensive AAV production process by evaluating host 

cell and transfection parameters. The Viral Production Cell (VPC) 2.0 engineered from 

parental HEK 293F cells by Gibco, which has larger cell size, faster cell growth, and 

minimal cell clumping at optimal shaking or agitation condition, was applied and enhanced 

AAV titer by 5 folds as compared to HEK 293F 114. Compared to adherent HEK 293AAV 

or 293A, the VPC-based AAV production process is robust and easy to scale up in 

bioreactor. Moreover, this host cell showed high resistance to shear force and could directly 
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inoculate the production medium in bioreactor using the seed cultures from shaker flask 

without any adaptation. 

 

One of the key parameters in AAV production using VPC was the agitation speed. For 

instance, low agitation could increase cell clumping, reduce cell growth, and decrease AAV 

production significantly. The high agitation speed of 210 rpm enabled high AAV 

production and minimal cell aggregation. 

 

Another important parameter is the high consumption of glucose and GlutMAX due to the 

fast cell growth and high AAV productivity. In the biomanufacturing process developed in 

this study, the same basal medium was used from Day -1 when seeding the production 

bioreactor until the end of AAV harvest without medium exchange or culture dilution. The 

batch culture of AAV production showed significant cell viability dropping on Day 2 (data 

not shown). The booster and enhancer added during transfection could extend the culture 

longevity and maintain high viability. However, it was found that more than 8.2 g/L of 

glucose was consumed from Day -1 to Day 3. Lack of assay to titrate GlutaMAX in culture 

broth, we assumed the 1:1 consumption rate of glucose and GlutaMAX and fed 3.5 mM of 

GlutaMAX together with ~ 3.5 g/L of glucose between Day 1 and Day 2 to avoid nutrient 

depletion in this study. To further optimize AAV production, a full extracellular and 

intracellular metabolite analysis is needed to monitor glucose and GlutaMAX consumption 

and correlate cellular metabolism to cell growth and AAV production. 
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In the presented AAV bioproduction, we stopped culture at 72 h post triple-plasmid 

transfection, but AAV-DJ did not reach maximal value at the harvest viability. Therefore, 

we suspected that AAV titer could be further improved by optimizing the endpoint of 

production process via evaluating different harvest viabilities. 

 

3.2.8. Further optimization of AAV purification 

The challenge in the purification of engineered AAV capsids is the lack of a high specificity 

of binding resin with high capture rate. The generic IEX column separation developed in 

this study can be applied to multiple AAV serotypes, but the purity could be lower than the 

affinity column purification. To further improve the purity of AAV, affinity-based primary 

capture and purification followed with secondary or polishing strategies could be 

developed in future to benefit the recovery and purity of multiple AAV serotypes. 

 

In addition, the primary purification using IEX aPrime 4A liquid chromatography column 

captured 85–95% AAV in one round of sample loading. To achieve higher capture rate, 

the loading capacity, flow rate of loading buffer, and packing strategy of purification resin 

should be further optimized. Another strategy is to run serial purification using both aPrime 

4A and HPQ columns to improve the binding rate of AAV. 

 

Ultrafiltration could further purify the AAV post IEX purification by removing the 

impurities with molecular weight of < 100 kDa, and combine desalting, buffer exchange 

and sample concentration into one step. However, we observed that AAV-DJ had high 

retention rate in PES membrane but showed high recovery in regenerated cellulose column. 
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Evaluation and selection of suitable ultrafiltration material might be needed for different 

serotypes. An alternative strategy is to use G25 desalting column or dialysis in combination 

with vacuum concentration to process the purified AAV, but the multi-step operation could 

reduce the recovery rate of AAV. 

 

3.3. Conclusions 

AAVs have been widely used to deliver therapeutic genes for disease treatment or deliver 

the genes of interest for long-term transient expression in basic research due to the 

advantages of high infection and stable transient expression. This study reported a robust, 

scalable and suspensive biomanufacturing of multiple AAV serotypes, including stirred-

tank bioreactor production and scale up to achieve high productivity, liquid 

chromatography purification and scale up to get high recovery rate, and post purification 

handling and evaluation of AAV quality. As compared to previously established AAV 

bioprocess, this advanced biomanufacturing can be easily adapted to GMP facility for 

large-scale production and purification. Moreover, this generic biomanufacturing can be 

used to produce and purify AAVs with different serotypes although fine adjustment or 

modification is needed. In addition to the high productivity and high recovery, the 

generated AAV demonstrated high function and quality. In conclusion, the 

biomanufacturing platform developed in this study could benefit the production, 

clarification and purification of AAV for basic research, pre-clinical study, translational 

research or clinical application. 
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3.4. Materials and methods 

3.4.1. Triple plasmids for AAV construction 

The AAV2, 5, DJ and DJ8 serotype-specific Rep-Cap plasmids, pHelper plasmid, and 

AAV-MCS Promoterless Expression Vector were purchased from Cell Biolabs (San Diego, 

CA, USA). The CMV promoter, luciferase reporter gene (Luc) and synthesized gene of 

interest (total of 3.9 kb) 114,115 were cloned to construct pAAV expression plasmid 

following our previous publication 114. These triple plasmids were used to transfect host 

cells for AAV production and evaluations in this study. 

 

3.4.2. Cells, media and cultures 

All AAV producing host cells, culture media and nutrients were purchased from Gibco 

(Buffalo, NY, USA) and general supplies were purchased from Fisher Scientific (Waltham, 

MA, USA) unless otherwise specified. The Viral Production Cells 2.0 (VPC, Gibco, USA) 

were engineered and cloned from parental cell line HEK 293F, then well adapted to 

chemically defined Viral Production Medium. The seed train of VPC cells were cultivated 

in basal production medium supplemented with 4 mM of GlutaMAX in 125 or 250-mL 

shaker flasks at 125 rpm on an orbital shaker (Thermo Fisher Scientific, Waltham, MA, 

USA) with 19‑mm shaking diameter. HEK 293F cells were grown in FreeStyle 293 

Expression Medium with 4 mM of GlutaMAX in shaker flasks at the same conditions of 

VPC cells. The small-scale (30 or 60 mL) VPC or HEK 293F host cells were maintained 

at 37 °C, 8% CO2 and 125 rpm in CellXpert™ incubator (Eppendorf, Enfield, CT, USA) 

for AAV production. The human glioblastoma cell line U251 (MilliporeSigma, Burlington, 

MA, USA) was cultivated in DMEM/F12 medium with 10% fetal bovine serum, 4 mM L-
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glutamine, 1% non-essential amino acids (NEAA), 1 mM sodium pyruvate, and 1% 

penicillin/streptomycin (100 IU/100 µg/mL) in T-75 flask at 37 °C and 5% CO2 116. The 

U251 cells were used for in vitro AAV transduction evaluation, gene expression analysis, 

and glioblastoma intracranial xenograft mouse model development for in vivo evaluations. 

The cell growth was monitored in terms of viable cell density (VCD) and viability using 

TC20 automated cell counter (Bio-Rad, Hercules, CA, USA). 

 

3.4.3. AAV production in shaker flask, spinner flask and bioreactor 

AAV production using HEK 293F: As described in our previous study 114, HEK 293F host 

cells were transfected with three plasmids with plasmid DNA: HEK 293F ratio of 1.6 

μg:106 cells, cationic liposomes as transfection reagent, and VCD of 0.4 × 106 cells/mL. 

The transfection liposomes were synthesized using 1,2-dioleoyl-sn-glycero-3-

phosphoethanolamine and 1,2-dioleoyl-3-trimethylammonium-propane 89. The suspensive 

AAV production was carried out in 30 mL of culture using 125-mL shaker flask at 125 

rpm, 37 °C and 5% CO2, or 100 mL of culture using 250-mL spinner flask at 210 rpm, 

37 °C and 5% CO2. Raw AAV was harvested from the transfected HEK 293F cells at 40–

60 h post transfection for further clarification and purification.  

 

AAV production using VPC: The viral production medium supplemented with 6 g/L of 

glucose and 4 mM of GlutaMAX was inoculated with VPC cells at a seeding VCD of 

1.5 × 106 cells/mL and incubated for 24 h to reach a VCD of about 3.0 × 106 cells/mL before 

transfection. The key optimized transfection parameters include VPC density of 3.0 × 106 

cells/mL, pAAV expression plasmid: pAAV Rep-Cap: pHelper of 1:3:1, DNA: cell of 0.5 
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µg:1 million cells, 10% (v/v) viral-plex buffer, 0.6% AAV-MAX transfection reagent, 0.3% 

booster, and 1% enhancer (Gibco). Interestingly, the VPC cells showed poor growth in 

bioreactor at agitation speed of 130 rpm but reached high VCD and viability when the 

agitation was increased to 210 rpm. The AAV production process was evaluated at 

different scales: 1) 30 or 60 mL in 125 or 250-mL shaker flask at 37 °C, 125 rpm using 

shaker with 19-mm shaking diameter and 8% CO2, 2) 60–100 mL in 250-mL spinner flask 

at 37 °C, 210 rpm and 8% CO2, and 3) 1.2–2.0 L of working volume in 2.5-L stirred-tank 

bioreactor (Distek, North Brunswick Township, NJ, USA) with process controls of 37 °C, 

pH 7.0, 210 rpm and DO 40%. VPC cells were harvested at 72 h after transfection using 

centrifugation at 1,000 g for 10–20 min at 4 °C and cell pellets were stored at -80 °C for 

further purification and characterization. 

 

3.4.4. AAV clarification 

The VPC cells were re-suspended in PBS buffer with 1/30 of the production volume, then 

raw AAV was released by adding 10% AAV-MAX lysis buffer (Gibco), 2 mM MgCl2 and 

90 U/mL benzonase (Millipore Sigma). An alternative strategy was to directly lysis cell 

culture broth using the same formulation. The lysis mixture was incubated at 37 °C for 2–

3 h on an orbital shaker or operated with three cycles of freeze in ethanol/dry ice for 30 

min and thaw at 37 °C in water bath for 15 min. After a full cell lysis was confirmed with 

observation under microscope, the cell lysate was centrifuged at 13,000 g for 10 min or 

4,500 g for 30 min at 4 °C. The supernatant containing AAV particles was collected and 

filtered by 0.45 μm and 0.22 μm regenerated cellulose membrane (serotype of DJ) or PES 

membrane (serotypes of 2, 5 and DJ8) to remove cell debris for clarification. 
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3.4.5. AAV purification 

Bio-Rad NGC system equipped with four chromatography columns, including EconoFit 

Nuvia aPrime 4A ion exchange (IEX, anionic) column (Bio-Rad), Foresight Nuvia HPQ 

anionic column (Bio-Rad), HiTrap Q Sepharose XL anionic column (Cytiva, Marlborough, 

MA, USA), and HiTrap AVB Sepharose affinity column (Cytiva), for AAV purification. 

Among these columns, aPrime 4A anionic column achieved high recovery rate and purity 

for all four serotypes with equilibration buffer A (25 mM Tris–HCl, 20 mM NaCl, pH 9.0) 

and stepwise (0, 15, 25, 70, 85 and 100%) elution buffers of A and B (25 mM Tris–HCl, 1 

M NaCl, pH 9.0) at flow rate of 1.0 mL/min. HPQ anionic column-based purification 

procedure generated medium level of recovery rate and purity of all four serotypes using 

equilibration buffer A (25 mM Tris–HCl, 20 mM NaCl, pH 9.0) and gradient (stepwise, 0, 

50, 65 and 100%) elution buffers of A and B (25 mM Tris–HCl, 1 M NaCl, pH 9.0) with 

flow rate of 1.0 mL/min. The equilibration buffer of 20 mM Tris–HCl, 0.5 M NaCl, pH 8.0 

and elution buffer of 0.1 M Glycine–HCl, 0.5 M NaCl, pH 2.5 with flow rate of 0.5 mL/min 

were used for HiTrap AVB Sepharose column. The HiTrap Q Sepharose anionic column 

was used for AAV purification with loading buffer of 25 mM Tris–HCl, pH 9.0 and elution 

buffer A of 25 mM Tris–HCl, pH 9.0 and buffer B of 2 M NaCl in 25 mM Tris–HCl, pH 

9.0 with flow rate of 1.5 mL/min. The primarily isolated AAV was further purified using 

100 kDa MWCO PES ultrafilter (AAV2, 5 or DJ8) or regenerated cellulose ultrafilter 

(AAV-DJ) to remove the small-size impurities. Then the purified samples were desalted 

using HiTrap G25 desalting column (Cytiva) with NGC liquid chromatography system 

(Bio-Rad) or 20 kDa MWCO slide-A-lyzer dialysis cassettes through buffer exchange. 

Finally, the AAV samples were concentrated using Savant SpeedVac (Fisher), or 10-kDa 
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regenerated cellulose concentrator for AAV-DJ or PES concentrator for AAV 2, 5 and DJ8. 

The purified, desalted and concentrated AAV was sterilized using 0.22 µm filter, then 

stored in a formulation buffer composed of 1 × PBS, 5% Sorbitol, and 350 mmol/L NaCl 

at -80 °C for long-term storage. 

 

3.4.6. AAV titration 

The AAV samples collected from raw cell lysate, post purification using ion exchange 

columns and ultrafilters, and post desalting and concentration were aliquoted and diluted 

with PBS for qPCR titration. First, the possible nucleotide contaminant was removed from 

the single-stranded AAV DNA by mixing 5 μL of AAV sample with 5 μL of DNase I 

Buffer (10X), 100 U of DNase I (336 U/μL), 1 U of Exonuclease I (20 U/μL), and UltraPure 

DNase/RNase-free distilled water (Gibco) in a 50-μL mixture. The digestion reaction was 

processed in a thermal cycler at 37 °C for 60 min, 85 °C for 20 min, and 4 °C until stop. 

The AAV samples digested with DNase were further processed to remove protein 

contaminant by adding 1 μL of Proteinase K and 49 μL of Proteinase K buffer (2X), 

followed with incubation in thermal cycle at 60 °C for 60 min, 95 °C for 10 min, and 4 °C 

until stop. The extracted ssDNA samples were 1:50 diluted with DNase/RNase-free 

distilled water. Second, the pAAV expression plasmid containing NLuc was linearized to 

prepare standard samples by serially diluting it to gene copy of 2 × 108, 107, 106, 105, 104 

and 103 per μL in Eppendorf tubes with DNase/RNase-free distilled water. Third, the qPCR 

reaction was prepared by mixing PowerUp SYBR Green Master Mix (Applied Biosystems, 

Waltham, MA, USA), 250 nM of NLuc forward primer (5’-

ATTGTCCTGAGCGGTGAAA-3’) and reverse primer (5’-
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CACAGGGTACACCACCTTAAA-3’), and UltraPure™ DNase/RNase-Free Distilled 

Water to reach volume of 15 μL each reaction. Fourth, 5 μL of AAV samples or standard 

samples were added into 96-well plate (Avantor, Radnor, PA, USA), followed with adding 

15 μL of qPCR reaction mixture into each well. The 96-well plate was covered with an 

adhesive film and spin down with centrifugation at 1000 g for 1 min. The qPCR assay was 

performed in an Azure Cielo 96-well Real-Time PCR instrument (Azure Biosystems, 

Dublin, CA, USA) at 50 °C for 2 min, 95 °C for 2 min, and 40 cycles at 95 °C for 15 s and 

60 °C for 1 min. Finally, the fluorescence was measured at 60 °C and data analysis was 

implemented by the Azure Cielo manager software (Azure Biosystems) to calculate the 

copy number of vector genome (vg). 

 

3.4.7. SDS-PAGE and Western blotting 

NuPAGE 4–12% Bis–Tris protein gels (Life Technology, Carlsbad, CA, USA) were used 

to run non-reducing SDS-PAGE to characterize AAV. The gels were stained with Pierce 

Silver Stain Kit (Fisher) and imaged by Azure 300 biosystems (Azure Biosystems). To 

confirm the expression of capsid proteins of the produced AAV, the primary rabbit 

polyclonal anti-VP1/2/3 antibodies ordered from American Research Products Inc 

(Waltham, MA, USA) and HRP-conjugated secondary anti-rabbit antibody (Abcam, 

Cambridge, UK) were used for the immunodetection of VP1 (87 kDa), VP2 (73 kDa) and 

VP3 (62 kDa). The blotted PVDF membrane was treated with Luminata Forte Western 

HRP substrate (Millipore, Boston, MA, USA) and imaged by Azure 300 biosystems 

following our previously established protocol 117-119. 
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3.4.8. Live-cell confocal imaging 

The three-color confocal microscope imaging was performed to confirm the transduction 

capability and biological function of produced AAV following our previously reported 

procedure 120-122. Specifically, the purified AAV was stained with Sulfo-cyanine 5.5 (Cy5.5) 

fluorescent dye (Lumiprobe, Cockeysville, MD, USA) following the manufacturing 

protocol. The unlabeled free dye was removed using 100 kDa MWCO PES concentrator 

using PBS with dilution factor of 1:10 for 5 times. The chambered glass coverslip was 

seeded with glioblastoma U251 cells at cell density of 1 × 105 cells/mL, stained with 

BacMam GFP (Fisher) for cytoplasm detection, and incubated at CO2 incubator for 

overnight. The U251-GFP cells were stained with DAPI to image nucleus and transduced 

with AAV-Cy5.5 at multiplicity of infection (MOI) of 5,000 for 24 h. After washing out 

the free AAV and dye, the live-cell confocal images of stained U251 were captured using 

Echo Revolve fluorescent microscope (Echo, Cerritos, CA, USA) with fluorescent light 

cubes of FITC, DAPI and Cy5 to detect GFP, DAPI, Cy5.5, respectively. The transduction 

of AAV was evaluated by the overlap of green GFP (U251 cells), blue DAPI (nucleus), 

and red Cy5.5 (AAV). 

 

3.4.9. Transmission electron microscope (TEM) imaging 

TEM images of AAV particles were collected following our previous procedure with 

modification 123. Our AAV samples (3 µL) were negatively stained with 2% uranyl acetate 

on the glow discharged carbon grid purchased from Electronic Microscope Sciences 

(Hatfield, PA, USA) and incubated at room temperature for 1–2 min, followed with 

blotting off the stain. Tecnai F20 XT transmission electron microscope (Field Electron and 
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Ion Company, Hillsboro, OR, USA) equipped with three CCD camera was used to collect 

images of AAV. Briefly, the AAV samples were loaded in DT rod first. Then both 

microscope alignment and fine alignment of gun and aperture were performed or confirmed 

before recording images. Finally, Gatan digital micrograph was captured with the WA-

Orius camera. 

 

3.4.10. Xenograft model 

The 6-week-old NSG (NOD.Cg-Prkdc < scid > Il2rg < tm1Wjl > /SzJ) mice (Jackson 

Laboratory, Bar Harbor, ME, USA) were used to generate glioblastoma orthotopic 

xenografted model following our previously established protocol 116,124 with modification 

and approved IACUC protocol. Briefly, about 0.5 × 106 U251 cells suspended in 3 μL of 

sterile saline buffer were intracranially implanted into the frontal region of cerebral cortex 

(2 mm lateral, 1 mm anterior and 1.5 mm ventricle of bregma) at rate of 0.4 μL per minute 

using Stoelting Just for Mouse Stereotaxic Instrument (Stoelting, Wood Dale, IL, USA). 

The burr hole in skull was closed with sterile bone wax deposited by rubbing wax back and 

forth from the wooden end of a sterile cotton-tipped applicator. The NSG mice received 5 

mg/kg of carprofen via subcutaneous (s.v.) injection immediately before surgery and every 

12–24 h for 48 h post-surgery. Bupivacaine stock of 2.5–5 mg/mL was topically 

administered with dosage of 1 mg/kg at the incision site during surgery. 

 

3.4.11. IVIS and bioluminescent imaging 

The functional expression of AAV-delivered NLuc gene was tested in vitro using U251 

cell line and in vivo using U251 cell line-derived intracranial xenografted NSG mouse 
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model, respectively. For in vitro evaluation, 5 × 104 cells/mL of U251 cells were used to 

seed 96-well plates and transduced with AAV at different MOIs, i.e. 1,000 to 7,500. Then 

25 µM of substate ViviRen (Fisher) was added to the cells expressing AAV-delviered 

genes three days after transduction. The bioluminescence generated by the expressed NLuc 

protein was monitored with In Vivo Imaging System (IVIS) Lumina Series III 

(PerkinElmer, Waltham, MA, USA) 121. The 6-well plate was seeded with 5 × 105 cells/mL 

of U251 cells, transduced with AAV at different MOIs of 0, 1 × 104 and 1 × 106, and 

induced with 25 µM of substate ViviRen. The dynamic bioluminescence signal was 

detected with SpectraMax iD3 plate reader (Molecular Devices, San Jose, CA, USA). To 

detect in vivo expression of AAV-delivered NLuc gene, the U251 xenografted NSG mice 

received 1 × 1010 vg of AAV and 37 μg of ViviRen substrate through intracranial injection 

at the same coordinate of cells xenograft. The NLuc expression (i.e. bioluminescence) was 

detected in live animals using IVIS Lumina. 

 

3.4.12. Statistical analysis 

All experimental data were presented as average ± standard deviation (STDEV) with 

replication number of 3. Two-tailed Student’s t tests with statistical significance of P 

value < 0.05 were used to determine the probability of significance between conditions. 
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Figures 

 
 
  

Figure 7. Process flow diagram (PFD) of the advanced AAV biomanufacturing 

platform. 
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(A) Evaluation of transfection VCD of 2.0, 3.0, and 4.0 × 106 cells/mL. (B) Evaluation of 

ratio of plasmid DNA and VPC cells including 0.4, 0.5 and 0.6 μg/1 × 106cells. (C) Viable 

cell density and viability of VPC pre- and post-transfection with maximal VCD of 

4.53 × 106 cells/mL and harvest viability of 71% with optimal transfection 

conditions. (D) Volumetric productivity of AAV with final titer of 3.13 × 10.10 vg/mL with 

optimal transfection conditions. VPC cells were cultivated in 30-mL viral production 

medium supplemented with 6 g/L of glucose and 4 mM of GlutaMax at 37 °C, 8% CO2, 

and 130 rpm. The production process could be applied to four serotypes (AAV2, 5, DJ, and 

DJ/8) 

A B 

C D 

Figure 8. Development of 3-day suspensive AAV production in small-scale shaker 

flask. 
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Table 1. Summary of AAV production. 
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(A) Kinetic profile of VPC cell growth with peak VCD of 4.51 × 106 cells/mL and harvest 

viability of 76%. (B) AAV production with final titer of 0.59 × 1010 vg/mL. Spinner flaks 

cultures were carried out at 37 °C, 8% CO2, and 230 rpm using AAV-DJ8 as model virus. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A B 

Figure 9. AAV production in spinner flask. 
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(A) VPC cell growth profile with peak VCD of 6.15 × 106 cells/mL (AAV-DJ8) or 

7.60 × 106cells/mL (AAV-DJ). VPC had better and healthier cell growth in 

bioreactor. (B) AAV concentration reached 7.17 × 1010 vg/mL (AAV-DJ8) or 

8.14 × 1010 vg/mL (AAV-DJ). The 1.2–2.0 L of production cultures were performed in 2.5-

L bioreactor with automatically controlled process parameters of 37 °C, pH 7.0, 210 rpm 

and DO. 

 
 
 
  

A B 

Figure 10. Scaled up AAV production in stirred-tank bioreactor. 
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The 80–140 mL of cell lysis from 20–100 mL of VPC pellet was loaded to the 1-mL or 5-

mL columns. The representative LC profile of AAV-DJ8 was described here but four 

serotypes of AAV2, 5, DJ and DJ8 were tested using the developed purification strategy. 

Figure 11. Development and optimization of anion exchange purification using liquid 

chromatography (LC). 
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Equilibration buffer: 25 mM Tris–HCl, pH 9.0. Elution Buffer A: 25 mM Tris–HCl, 

20 mM NaCl, pH 9.0. Elution buffer B: 25 mM Tris–HCl, 1 M NaCl, pH 9.0. Flow rate: 

1.0 mL/min. (A) Stepwise elution of AAV-DJ8, 80-mL AAV lysis from 20-mL VPC 

pellet, in 1-mL EconoFit Nuvia aPrime 4A column. (B) Stepwise elution of AAV-DJ8, 

140-mL AAV lysis from 100-mL VPC pellet, in 1-mL EconoFit Nuvia aPrime 4A 

column. (C) Stepwise elution of AAV-DJ8, 100-mL AAV lysis from 50-mL VPC pellet, 

using 1-mL Foresight Nuvia HPQ column, which can be scaled up from 1-mL column to 

5-mL and 25-mL columns. (D) Stepwise elution of AAV-DJ8, 100-mL AAV lysis from 

50-mL VPC pellet, using 5-mL Foresight Nuvia HPQ column.  
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(A) SDS-PAGE of AAV pre-purification and post anion exchange purification. M: marker, 

and C: negative control protein. (B) Western blot confirmed three AAV capsid proteins: 

VP1 (87 kDa), VP2 (73 kDa) and VP3 (62 kDa). (C) TEM image of purified AAV. Scale 

bar: 200 nm. 

 
 
 
 
 
 
 
 
 
 
 

A B 

C 

Figure 12. Characterizations of produced AAV. 
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Figure 13. Confocal microscope demonstrating high transduction of AAV. 

High transduction of AAV revealed by co-localization of green GFP (U251 cells), blue 

DAPI (nucleus), and red Sulfo-cyanine 5.5 (AAV). MOI = 5,000. 
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(A) Live-animal IVIS imaging showed high in vivo expression of AAV-delivered gene. 

About 0.5 × 106 U251 cells were intracranially injected to NSG mice using stereotactic 

instrument to develop glioblastoma xenografted models. AAV (1 × 1011 vg) and ViviRen 

(3.7 μg) were injected. (B) In vitro AAV gene expression is dosage (multiplicity of 

infection, MOI)-dependent. (C) AAV gene expression correlates to MOI, as measured by 

i3x plate reader. 

 

A B C 

Figure 14. Evaluations of functional gene expression. 
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Chapter 4. An Innovative Mitochondrial-targeted Gene Therapy to Treat 

Glioblastomas 
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Abstract 

Targeting cancer cell mitochondria holds great therapeutic promise, yet current strategies 

to destroy cancer mitochondria in vivo specifically and effectively in vivo are limited. Here, 

we introduce mLumiOpto, an innovative mitochondrial-targeted luminoptogenetics gene 

therapy designed to directly disrupt the inner mitochondrial membrane (IMM) potential 

and induce cancer cell death. We synthesized a blue light-gated channelrhodopsin (CoChR) 

in the IMM and co-expressed a blue bioluminescence-emitting Nanoluciferase (NLuc) in 

the cytosol of the same cells. The mLumiOpto genes were selectively delivered to cancer 

cells in vivo by using adeno-associated virus (AAV) carrying a cancer-specific promoter. 

Induction with NLuc luciferin elicited robust endogenous bioluminescence, which 

activated mitochondrial CoChR, triggering cancer cell IMM permeability disruption, 

mitochondrial damage, and subsequent cell death. Importantly, mLumiOpto demonstrated 

remarkable efficacy in reducing tumor burden and killing tumor cells in glioblastoma or 

triple-negative breast cancer xenografted mouse models. These findings establish 

mLumiOpto as a novel and promising therapeutic strategy by targeting cancer cell 

mitochondria in vivo.  
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4.1 Introduction 

Mitochondria are the major powerhouses of the cell and vital signaling organelles that 

regulate key cellular processes essential for maintaining cell growth and function 125. These 

processes include ATP production 126, redox regulation 127, metabolite generation 128, 

thermogenesis 129, cell division 130, and programmed cell death 131. Importantly, 

mitochondrial genetics and biochemical metabolisms have been implicated to be associated 

with various aspects of the cancer cell metastatic cascade, including motility and invasion, 

modulation of the microenvironment, plasticity, and colonization 132. Given their crucial 

role in determining cancer cellular function and fate, mitochondria have emerged as a 

promising target for cancer treatment 133. Over the last decades, numerous mitochondrial-

targeted therapies, such as mitocans 134, mitochondriotropics 135, and mitochondriotoxics 

136, have been developed to destroy mitochondria and induce cancer cell death. However, 

these therapies typically target specific signaling pathways or proteins, such as hexokinase 

137, Bcl-2 family proteins 138, thiol redox 139, and VDAC/ANT 140, which may undergo 

unpredictive mutations or develop drug resistance during treatment, thus impairing anti-

cancer efficacy 141. More recently, studies reported that butformin 142, a mitochondrial-

associated oxidative phosphorylation disruptor, or lonidamine 143, a mitochondrial complex 

I/II inhibitor, effectively enhanced the anti-tumor efficacy of photodynamic therapy. 

However, the translation of mitochondrial-targeted therapies to clinics has not yet 

succeeded. 

 

The mitochondrion is composed of two membranes, a relatively permeable outer 

membrane and a highly folded and impermeable inner membrane (IMM). Proper 
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mitochondrial function relies on maintaining the electrical potential gradient across the 

IMM, known as ∆Ψm, and a profound and sustained dissipation of ∆Ψm is considered as a 

crucial regulatory trigger for cell death 144. Therefore, targeting IMM integrity and 

disrupting ∆Ψm has generated substantial interest as a potential strategy for cancer 

treatment. Chemical uncouplers (e.g., FCCP and CCCP) 145,146 or permeability transition 

pore (mPTP) activators (e.g., Atr and ployP) 147,148 have been used to depolarize ∆Ψm. 

However, because mitochondrial activity is critical for all cells, the lack of specificity of 

these pharmacological strategies hinders utility in vivo. Genetic methods can modulate 

mitochondrial function in specific tissues but often cause irreversible side effects and do 

not directly target ∆Ψm. Thus, there is currently a dearth of approaches that can directly and 

dynamically disrupt cancer cell ∆Ψm with greater specificity. Recently, we developed 

mitochondrial optogenetics (mOpto) by expressing heterologous light-gated 

Channelrhodopsin 2 (ChR2) in the IMM with a mitochondrial leading sequence (MLS) 149. 

Importantly, sustained blue light illumination led to irreversible ∆Ψm depolarization and 

substantial cell death in cells expressing mitochondrial ChR2. However, despite its 

impressive capability to induce cytotoxicity, mOpto requires external light, which is 

difficult to penetrate deep tissues in the body, and lacks cancer-specific targeting, limiting 

its in vivo utility and future clinical translation for cancer and other diseases. 

 

To achieve in vivo manipulation of mitochondria, we have developed a new-generation 

optogenetic tool called mitochondrial luminoptogenetics (mLumiOpto, patent 

US20210205475A1 150 ). This innovative approach harnesses intracellular luminescence 

as an endogenous light source, eliminating the need for external light stimulation. 
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Specifically, we co-expressed CoChR, a blue light-gated channelrhodopsin from 

Chloromonas oogama 151 in IMM, and an emission spectrum-matched Nanoluciferase 

(NLuc), a luciferase protein from the deep-sea shrimp Oplophorus gracilirostris 152, in the 

cytosol of the same cells. Additionally, we used a cancer- enhanced promoter (cfos) to 

maximize selective expression of mLumiOpto genes in tumor cells. We hypothesized that 

the mLumiOpto approach enables optogenetics-mediated GBM mitochondrial 

depolarization and cytotoxicity with the synthesized intracellular bioluminescence (NLuc). 

Furthermore, we hypothesized that mLumiOpto could effectively kill various GBM cells, 

significantly reduces tumor burden, and prolongs survival in intracranially xenograft 

mouse models via inducing irreversible ∆Ψm depolarization, persistent DNA damage and 

thereby severe apoptotic tumor cell death.  

 

To test these hypotheses, we examined the ability of mLumiOpto to induce mitochondrial 

depolarization and cytotoxicity across different cancer cell types. Then the cancer-specific 

surface binding, internalization, transduction efficiency, biodistribution, and tumor-

specific expression of mLumiOpto were assessed in vitro and in vivo. The therapeutic 

efficacy of mLumiOpto delivered with free AAV, was evaluated in preclinical mouse 

models carrying GBM xenograft. Our results demonstrated that mLumiOpto effectively 

induces cancer cell death and significantly reduces tumor burden without impairing normal 

organs or tissues. 
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4.2. Results 

4.2.1. mLumiOpto development and optimization  

We first constructed the mLumiOpto plasmid to co-express light-gated rhodopsin in the 

IMM and an emission spectrum-matched luciferase in the cytoplasm of the same cancer 

cells. Specifically, we synthesized the NLuc-2A-ABCB10-CoChR expressing plasmids by 

cloning CoChR (peak λex = 470 nm) and NLuc (peak λem = 460 nm), which were fused 

through a cleavable 2A linker, into a pcDNA3.0 expression vector (Fig. 15A). We utilized 

CoChR instead of the more commonly used ChR2 due to its much higher (~10-fold) 

photocurrent 151 and efficiency in inducing mOpto-mediated ∆Ψm depolarization (Fig. 

15B). NLuc was chosen for mLumiOpto as it generates much brighter bioluminescence 

compared to other discovered blue light-emitting luciferases such as Renilla luciferase 

(RLuc) 153 (Fig. 15C) and Gaussia luciferase (GLuc) 154 (data not shown) when coupled 

with ViviRen, an engineered luciferin. We then fused the ABCB10 mitochondrial leading 

sequence (MLS) 155 to the N-terminal of CoChR to facilitate mitochondrial expression. 

Consistent with our previous studies 149, ABCB10 MLS led to high-level and 

mitochondrial-specific CoChR expression across various tumor cell lines, including HeLa 

(Manders overlap coefficient, M1=0.99±0.03) and TNBC MDA-MB-231 (M1=0.98±0.1) 

(Fig. 15D), as revealed by the strong overlap between eYFP (green, fused with CoChR) 

and MitoTracker (red, a mitochondrial indicator). Confocal microscopy imaging also 

confirmed the co-expression of NLuc (fused with eGFP) and CoChR (fused with mCherry) 

in the transfected MDA-MB-231 cells (Fig. 15E).  
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4.2.2. AAV construction and characterization for in vivo gene delivery  

To deliver the synthesized mLumOpto genes to cancer cells in vivo, we constructed an 

AAV expression vector using a commercial hybrid serotype AAV-DJ/8 with a heparin-

binding domain mutation, which has shown high infection efficiency in vivo 156-159. 

Additionally, we cloned and utilized the cfos promoter 160 to enhance cancer-selective gene 

expression. AAV was produced in a stirred-tank bioreactor and purified using ion-

exchange liquid chromatography as we recently reported 161. The size (~20 nm) and 

morphology of purified AAV DJ8 were verified using TEM (Fig. 16A). Western blotting 

confirmed the expression of three viral capsid proteins, including VP1 (87 kDa), VP2 (73 

kDa), and VP3 (62 kDa) (Fig. 16B). Moreover, ViviRen triggered robust luminescence 

(Fig. 16C), along with substantial mitochondrial depolarization (Fig. 16D) in AAV-

transduced human GBM U87 cells, demonstrating functional expression of mLumiopto 

proteins. Consistent with observed mitochondrial collapse, ViviRen induction caused 

dramatic cell death in various GMB cell lines transduced with mLumiOpto AAV, including 

the drug-resistant U251-TMZ cells (Fig. 16E).  

 

4.2.3. AAV delivered mLumiOpto in vivo 

To test the in vivo gene delivery of AAV, we performed and compared the intravenous 

(i.v.) and intracerebroventricular (i.c.v.) injections of AAV into GBM xenograft model. 

qRT-PCR analysis of the harvested tumor and important organs (lung, heart, kidney and 

liver) revealed that i.c.v. injection achieved GBM tumor-specific mLumiOpto gene 

delivery and remarkably higher levels of NLuc (Fig. 16F) and CoChR (Fig. 16G) 

expression than i.v. injection. Moreover, live-animal IVIS imaging (Fig. 16H) and ex vivo 
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imaging of the isolated organs (Fig. 16I) confirmed the functional expression of 

mLumiOpto genes in AAV (via i.c.v. injection) transduced GBM xenografts. 

Consequently, direct intracranial administration was utilized for the following anti-GBM 

efficacy studies.  

 

4.2.4. In vivo Anti-GBM efficacy in U87 xenograft mouse model 

To evaluate the in vivo GBM treatment efficacy of mLumiOpto, the xenografted mice were 

randomly divided into four groups (n=8-10/group) and i.c.v. administrated with saline 

(control), AAV only, mLumiOpto 1 (AAV dose: 0.5x1011 vg/mouse), and mLumiOpto 2 

(AAV dose: 1.0x1011vg/mouse), respectively, on Days 7 and 14. Mice in the mLumiOpto 

groups received ViviRen through tail vein injection daily for 3 consecutive days following 

each AAV administration. Our data showed that mLumiOpto significantly prolonged the 

survival of GBM xenografted mice compared to control groups (Fig. 17A). Body weight 

profiles were similar across all groups (Fig. 17B). IVIS imaging performed on Day 28 (i.e., 

10 days after the last ViviRen administration) revealed that the GBM tumor volumes in 

mLumiOpto groups were reduced by >10 folds compared to control groups (Fig. 17C and 

Fig. 17D). Endpoint MRI imaging on Day 44 (26 days post-treatment) confirmed the 

reduction of GBM tumor burden in the brain with mLumiOpto treatment compared to 

controls (Fig. 17E).  

 

The H&E staining of tumor parafilm section slides showed that mLumiOpto treatment 

significantly reduced GBM tumor burden (Fig. 18A). IHC staining of tumor slides with 

antibodies of cleaved caspase 3 (cCasp3) and Ki67 indicated mLumiOpto induced 
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apoptosis and inhibited cell proliferation (Fig. 18B). Moreover, immunofluorescence assay 

revealed evident cytochrome C release in the treated group, implying mLumiOpto induced 

GMB mitochondrial depolarization and injury in vivo (Fig. 18D and Fig. 18E). No damage 

in normal organs of the brain, heart, lung, liver, spleen, and kidney was detected (Fig. 18C). 

The ViviRen only had no effect on GBM tumor and mouse body weight and no toxicity to 

normal organs (data not shown). It is worth noting that the anti-tumor efficacy is 

comparable between mLumiOpto 1 and mLumiOpto 2 groups (0.5 vs. 1.0x1011 vg/mouse), 

suggesting that AAV dose and administration schedule may need further optimization in 

the future.  

 

4.2.5. In vivo Anti-GBM efficacy in PDX xenograft mouse model  

In addition to assessing the efficacy of mLumiOpto in treating aggressive U87 xenografts, 

we investigated its effectiveness in heterogeneous GBM using PDX models. Firstly, 

subcutaneous GBM PDX xenografts were generated in mice (n=8/group), followed by i.v. 

injection of AAV and ViviRen. The PDX tumor weight in the treatment group was 40% 

lower than that in the saline group (Fig. 19A), while body weight profiles remained similar 

(Fig. 19B). Histological examination of major organs, including the brain, heart, lung, liver, 

spleen, pancreas, and kidney, did not reveal any signs of inflammation, apoptosis, or 

necrosis (Fig. 19C), indicating the tumor specificity and safety of AAV-delivered 

mLumiOpto.  

 

Secondly, intracranial GBM PDX xenograft mouse models were established (n=4), and 

mice were treated with i.c.v. injection of AAV and ViviRen. MRI images at the endpoint 
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(14 weeks post-implantation) showed a significant reduction in GBM PDX tumor burden 

in the mLumiOpto-treated group compared to the saline group (Fig. 20A). H&E staining 

did not detect obvious injury or toxicity in normal organs of the treatment group (Fig. 20B). 

IHC staining of tumor slides with antibodies of cleaved caspase 3 and Ki67 indicated 

apoptosis-induced cell death and inhibition of proliferation, respectively, post- treatment 

(Fig. 20C). 

 

4.3. Discussion  

Mitochondria have been considered as a potential therapeutic target for cancer treatment, 

but translating this concept into clinical practice has proven challenging. Although certain 

drugs targeting mitochondria have demonstrated promise in preclinical studies, their 

effectiveness in human clinical trials has been limited due to the low treatment efficacy, 

development of drug resistance in cancer cells and the lack of specificity leading to risk of 

side-effects. To overcome these limitations, we introduce a novel therapeutic strategy, 

mLumiOpto, that can specifically and directly destroy cancer mitochondria to induce 

cancer cell death. Our preclinical mouse xenograft models demonstrate that AAV (i.c.v. 

administration) delivered mLumiOpto is effective at killing GBM cells and inhibiting 

tumor growth without causing noticeable side effects, highlighting its potential as a 

valuable tool for cancer research and targeted cancer therapy.  

 

In recent years, optogenetics has revolutionized the precise and remote manipulation of 

cell membrane excitability, but its application to control intracellular organelles, 

particularly mitochondria, has remained limited. In this study, we introduced a novel 
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approach called mitochondrial-targeted luminoptogenetics (Fig. 21), which enables 

specific and dynamic manipulation of mitochondria both in vitro and in vivo. We 

determined NLuc as the intracellular light source for mLumiOpto technology. NLuc not 

only emits bright and sustained bioluminescence, even at low ViviRen concentrations, but 

it is also small (encoded by a 513-bp gene), ATP-independent, non-toxic to cells, and 

exhibits uniform intracellular distribution 152. Our in vitro studies demonstrate that NLuc-

ViviRen pair- generated intracellular bioluminescence is sufficient and effective to activate 

the mitochondrial CoChR channel, resulting in ViviRen dose-dependent ∆Ψm 

depolarization in the absence of external light stimulation. By harnessing the endogenous 

bioluminescence, mLumiOpto overcomes the technical challenges associated with 

delivering external light to deep tissues within the body and minimizes potential side 

effects on surrounding healthy tissues. The ability to manipulate mitochondrial function in 

freely moving animals renders mLumiOpto a potent and versatile tool for in vivo 

investigations, ranging from elucidating the mechanistic underpinnings of mitochondrial 

dysfunction in various diseases to facilitating the development of mitochondrial-targeted 

therapeutic interventions.  

 

The capability of mLumiOpto in inducing cancer cell death was validated using in vitro 

cell lines and in vivo tumor xenograft mouse models. We found that mLumiOpto induced 

GBM cell death in a ViviRen dose-dependent manner. Dose dependence is vital for 

optimizing treatment efficacy while minimizing side effects, as different cancer cells may 

exhibit varying sensitivities to mLumiOpto-mediated cytotoxicity. Determining the 

optimal mLumiOpto dosing strategy may enhance treatment effectiveness further. Our 
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animal studies further highlighted the ability of mLumiOpto to eliminate tumor cells in 

vivo. Treatment with mLumiOpto effectively inhibited tumor growth in various xenograft 

mouse models. Our findings are particularly significant, as there is still a lack of effective 

treatment options for those highly aggressive and recurrent cancers. It is worth noting that 

neither ViviRen nor mLumiOpto expression alone exhibited any deleterious effects on 

cancer mitochondria and cell viability. Altogether, these findings indicate the robust and 

versatile nature of mLumiOpto as a promising approach for targeted cancer cell death in 

both preclinical and translational settings. Its ability to effectively combat tumor growth 

across diverse cancer types of further positions mLumiOpto as a valuable therapeutic 

strategy for various malignancies.  

 

In summary, our study introduces mLumiOpto, an innovative mitochondrial-targeted 

luminoptogenetic approach that enables dynamic manipulation of cancer mitochondria and 

triggers cytotoxicity. These advancements provide valuable insights for the development 

of novel therapeutic strategies that can address major challenges in cancer treatment, 

including reduced drug resistance and enhanced efficacy. Finally, mitochondria play an 

essential role in tumorigenesis, metastasis, and stemness, so its capability of dynamically 

depolarizing mitochondria renders mLumiOpto a powerful tool in mechanistic studies.  

 

4.4. Methods 

4.4.1. Cell lines, seed cultures and media  

Viral Production Cells 2.0 (VPC, Gibco, Buffalo, NY) were used to produce AAV. The 

cervical cancer cell line HeLa (ATCC) was used for the general characterization of 
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mLumiOpto technology. The human TNBC cell lines MDA-MB-231 (GenTarget, San 

Diego, CA), and GBM cell lines U251 (MilliporeSigma, Burlington, MA), drug-resistant 

U251-TMZ (in-house developed), U87 and GL261 (Creative Bioarray, Shirley, NY) were 

used for in vitro cytotoxicity, surface binding, AAV gene delivery, gene expression studies. 

The U87, U251, and U87-FLuc (ATCC) were used to develop xenograft mouse models for 

evaluating the in vivo anti-tumor efficacy of mLumiOpto.  

 

All cell culture media, supplements and other reagents were purchased from Gibco unless 

otherwise specified. The seed culture of VPC was maintained in a chemically defined viral 

production medium supplemented with 4 mM GlutaMAX in shaker flasks on an orbital 

shaker at 135 rpm. HeLa cells were cultured in DMEM supplemented with 10% (v/v) Fetal 

Bovine Serum (FBS) and 2 mM L-glutamine in T25 or T75 flasks. The MDA-MB-231 

cells were cultured in DMEM/F12 medium supplemented with 10% FBS, 4 g/L glucose, 4 

mM L-glutamine, 100 U/mL Penicillin and 100 μg/mL Streptomycin in T-flasks. U251 and 

U251-TMZ cells were maintained in EMEM with 2 mM L-glutamine, 1% non-essential 

amino acids (NEAA), 1 mM sodium pyruvate and 10% FBS in T25 or T75 flasks. U87 

cells were maintained in EMEM with 10% FBS and 8 μg/mL Blasticidin. All cell lines 

were maintained between 10% and 80% confluence and kept at 37 °C with 5% CO2 (8% 

CO2 for VPC cells) in a humidified CO2 incubator (Eppendorf, Enfield, CT). The viable 

cell density (VCD) and viability were measured using TC20 automated cell counter (Bio-

Rad, Hercules, CA) or hemocytometer and trypan blue (Fisher Scientific, Hanover Park, 

IL).  
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4.4.2. Plasmid construction 

CMV-ABCB-CoChR-eYFP. The ABCB, CoChR and eYFP gene fragments were amplified 

from CAG-ABCB-ChR2-eYFP, AAV-Syn-CoChR-GFP (Addgene #59090), and 

pcDNA3.1-PsChR2-eYFP (Addgene #69057), respectively.  The PCR primers are ABCB-

forward, ABCB-reverse, CoChR-forward, CoChR-reverse, eYFP_1-forward, and 

eYFP_1-reverse (Table 2).  These gene fragments were cloned into pcDNA3.1-PsChR2-

eYFP backbone vector using the HiFi Assembly Kit (New England Biolabs, lpswich, MA). 

 

CMV-NLuc-2A-ABCB-CoChR-mCherry. The NLuc, 2A, and ABCB-CoChR-mCherry 

gene fragments were PCR amplified from pNL-CMV-NLuc (Promega #N1091), 

pcDNA3.0-Magneto2.0-p2A-mCherry, and CMV-ABCB-CoChR-mCherry, respectively. 

The amplified genes were cloned into the CMV-ABCB-CoChR-mCherry vector using the 

HiFi Assembly Kit. The PCR primers are NLuc_1-forward, NLuc_1-reverse, 2A-forward, 

2A-reserve, ABCB-CoChR_2-forward, and ABCB-CoChR_2-reserve (Table 2).  

 

pAAV-D/J8-cfos-NLuc-2A-ABCB-CoChR. The NLuc-2A-ABCB-CoChR gene fragment 

was PCR amplified from CMV-NLuc-2A-ABCB-CoChR-mCherry and cloned into the 

pAAV-D/J8 AAV expression vector (Cell Biolabs, San Diego, CA) following the 

manufacture instruction. The primers are NLuc-CoChR_2-forward and NLuc-CoChR_2-

reverse (Table 2). The sequence of the construction was confirmed with sequencing 

primers forward: 5’- GGATTGACGGGAACAG-3', and reverse: 5’-

GGTGTATATCGAGAGC-3'.  
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4.4.3. AAV production and purification  

The small-scale (30 or 60 mL) productions of AAV were performed in 125 or 250-mL 

shaker flasks using VPC 2.0 in viral production medium at 37 °C, 135 rpm and 8% CO2. 

The large-scale production was performed in 2-L stirred-tank bioreactor (Disteck, Cedar 

Falls, IA) at 37 °C, pH 7.0, 210 rpm and DO 40%. VPC cells were co-transfected at VCD 

of 3x106 cells/mL with three plasmids, i.e., AAV-D/J8-cfos-NLuc-2A-ABCB-CoChR, 

AAV- DJ/8 Rep-Cap and AAV-D/J8 Helper (1:3:1), at plasmid DNA:cell ratio of 0.5 

μg:106 cells. The formulation of transfection mixture per liter of culture volume was 1.5 

mg total plasmid DNA, 10% (v/v) viral-plex complexation buffer, 0.6% AAV-MAX 

transfection reagent, and 0.3% AAV-MAX transfection booster. The enhancer (1%) was 

added to the VPC culture immediately before plasmid transfection. Production culture was 

sampled daily to monitor cell growth using TC20 automated cell counter, glucose level 

using Glucose 201 DM System (HemoCure, Brea, CA), and AAV titer using qRT-PCR. 

VPC cells containing AAV were harvested at 72 hrs post-transfection for AAV isolation. 

 

In the end of AAV production, culture broth was centrifuged at 4 °C and 1,000 x g for 20 

minutes. VPC cell pellet was re-suspended in 10% AAV-MAX lysis buffer (Gibco), 

followed by three freeze-thaw cycles (incubation in ethanol/dry ice bath for 30 minutes and 

in 37 °C water bath for 15 minutes), and further incubated with 2 mM MgCl2 and 90 U/mL 

benzonase (MilliporeSigma, Burlington, MA) at 37 °C for 60 minutes. After cell lysis was 

confirmed with microscopy, the lysate was clarified by centrifugation at 4 °C and 4,500 × 

g for 30 minutes, and the supernatant was filtered using 0.2-μm PES membrane to remove 

cell debris. The filtrate was partially purified, preconditioned, and concentrated using 



84 

Vivaspin Turbo column MWCO 100 kDa (Sartorius, Bohemia, NY) for further AAV 

purification.  

 

NGC liquid chromatography, equipped with a 5-mL Foresight Nuvia HPQ anion-exchange 

column prepacked with CHT ceramic hydroxyapatite XT mixed-mode chromatography 

media (Bio-Rad) or 25-mL column in-house packed with the same CHT media, was used 

to purify free AAV. HPQ column was equilibrated with buffer A (25 mM Tris-HCl, 20 

mM NaCl, pH 8.0), loaded with the buffer A-preconditioned AAV sample, and eluted step 

wisely using buffers A and B (25 mM Tris- HCl, 1 M NaOH, pH 8.0) at a flow rate of 0.6 

mL/minute. The primarily purified AAV was further proceeded with ultrafiltration using 

100-kDa MWCO PES membrane column to remove small protein impurities, desalt, 

exchange with formulation buffer (1x PBS, 5% Sorbitol, and 350 mmol/L NaCl), and 

concentrate as previously described 123.  

 

4.4.4. Intracranial Xenograft Model 

Five-week-old nude (J:NU HOM Homozygous for Foxn1<nu>) mice were purchased from 

Jackson Lab. After one week of acclimatization, mice were used to generate tumor 

xenograft models for in vivo evaluation of mLumOpto technology. All animal studies 

conformed to the Laboratory Animals Guideline of the US National Institutes of Health 

(Publication No. 85‐23). The animal protocols were approved by the Institutional Animal 

Care and Use Committee at Ohio State University (IACUC-2022A00000055).  
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4.4.5. Confocal imaging  

Colocalization analysis: Cells cultivated on a 15-mm glass-bottom dish were transfected 

with CMV-ABCB-CoChR-eYFP plasmid. Forty-eight hours after transfection, cells were 

loaded with MitoTracker Deep Red (250 nM) for 30 minutes. The localization of CoChR-

YFP and MitoTracker was simultaneously imaged with 543 nm argon laser and 635 nm 

laser diode lines using Olympus FV1000 confocal microscope (Olympus America, Center 

Valley, PA). For NLuc and CoChR co-expression analysis, cells were transfected with 

CMV-NLuc-GFP-2A-ABCB-CoChR-mCherry plasmid. Forty-eight hours later, the 

expression of NLuc-GFP and CoChR- mCherry was imaged with the 488 and 545 laser 

lines, respectively. For colocalization analysis, the confocal images were processed offline 

using ImageJ software (National Institutes of Health, Bethesda, MD). The overlapping was 

quantified by calculating the Manders coefficient.  

 

Mitochondrial depolarization and ∆Ψm measurement: The mLumiOpto-treated or control 

cells were stained with fluorescent mitochondrial membrane potential dye TMRM (100 

nM) or Mitoview 633 (25 nM). The fluorescence of TMRM and Mitoview 633 was imaged 

with the 543 nm and 635 nm laser, respectively, and analyzed using ImageJ software.  

 

Analysis of AAV transduction in vitro: As described in our previous studies 119,124, AAV 

carrying cfos-NLuc-2A-ABCB-CoChR genes was labelled with fluorescent dye Cy5.5 and 

incubated with U251 cells that were stained with DAPI. The transduction of AAV-Cy5.5 

was detected with an Olympus FV1000 confocal microscope. The nucleus stained with 
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DAPI was imaged with the 405 nm laser line and Cy5.5 was imaged with the 640 nm laser 

line, respectively.  

 

4.4.6. In vitro cytotoxicity assay 

GBM cells were seeded onto 96-well plates at a density of 5x104 cells/mL and incubated 

with mLumiOpto AAV (MOI of 100,000) at 37 °C and 5% CO2 in the incubator for 48 

hours. Then ViviRen (0-60 μm) was added to the culture in well plates. Two days later, 

cell viability was measured using CellTiter-Glo Luminescent Cell Viability Assay 

(Promega, Madison, MI), as previously described 119. 

 

4.4.7. Bioluminescence imaging  

Cells were seeded in clear-bottom black well-plates (Corning, Corning, NY) and cultured 

with mLumiOpto plasmid or AAV. Forty-eight hours later, the culture medium was 

replaced with a colorless culture medium containing a varying dose of ViviRen (0- 30 μM). 

The bioluminescence was detected at 0, 2, 4, 6 and 20 hours using IVIS Lumina Series III 

(PerkinElmer, Waltham, MA) at 470 nm.  

 

GBM xenograft mice were injected with one dose of AAV mediated mLumiOpto (1x1011 

vg/ mouse intracranially) and ViviRen (2 µg/g-BW via intravenous injection). Twenty-four 

hours later, mice were imaged with IVIS Lumina Series III to measure the NLuc 

luminescence. The tumor-specific targeting was determined by 1) analyzing the NLuc 

luminescence in live-animal IVIS imaging, as previously described 123, 2) ex vivo IVIS 

imaging of the harvested major organs (brain, heart, lung, liver, kidney, spleen) after mice 
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were sacrificed, and 3) transcript analysis of tumor and organs (heart, brain, lung, kidney, 

liver) using qRT- PCR.  

 

4.4.8. Magnetic Resonance Imaging (MRI) imaging  

The Magnetic Resonance Imaging (MRI) imaging was performed with the BioSpect 

94/30USR system (Bruker BioSpin; Billerica, MA) and ParaVision 6.0 software provided 

by the Ohio State University Small Animal Imaging Core Facility. T2-weighted scans were 

acquired with flowing parameters of TR/TE: 2500/33 (ms), FA: 180 (degree), NEX: 2, 

FOV: 20 mm*15.313, matrix: 256*196, 1 mm slice thickness, 1 mm slice distance and 18 

slices. Mice were anesthetized and 0.2 mmole/kg Gadolinium-based contrast agent was 

administrated intraperitoneally before imaging. Then the mice were secured on an animal 

bed and placed in the MRI scanner for imaging. A rectal thermometer with body contact 

was used to measure the body temperature. The respiration and heart rate of mice were 

monitored using the Small Animal Monitoring System (Model 1025, Small Animals 

Instruments, Inc. Stony Brook, NY) during the imaging session.  

 

4.4.9. Xenograft mouse models  

Six-week-old nude (J:NU HOM Homozygous for Foxn1<nu>) mice, with an equal number 

of males and females, were stereotactically injected with human GBM cells 116,124. Briefly, 

0.5x105 U87 cells were suspended in 3-μL growth medium and implanted into the frontal 

region of the cerebral cortex at a rate of 0.4 μL/min using Stoelting Just for Mouse 

Stereotaxic Instrument (Stoelting, Wood Dale, IL). The burr hole in the skull was closed 

with sterile bone wax and 5 mg/kg of carprofen was provided immediately before surgery 
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and every 12-24 hours for 48 hours post-surgery. The intracranially xenografted mice were 

monitored daily for one week and randomized into four groups (n=10/group). Then mice 

were treated with saline (control), AAV only (0.5x1011 vg, control), mLumiOpto at AAV 

doses of 0.5x1011 vg and 1.0x1011 vg on Days 7 and 14 via i.c.v. injection, followed by 

three s.c. injections of ViviRen (37 μg) at 3 days post AAV administration in mLumiOpto 

treatment groups.  

 

GBM PDX line was provided by Dr. Jann Sarkaria at Mayo Clinic and maintained at low 

passages (2–4) in NSG mice following our established protocol 116,124. Fresh frozen PDX 

tissues were thawed, minced into small fragments (~1 mm3), and subcutaneously (s.c.) 

implanted into NSG mice. The PDX xenograft mice were randomized into two groups 

(n=5), treated with AAV (1x1013 vg/kg) carrying mLumiOpto genes via tail vein with 5 

injections from Day 4 to day 8, and followed with four s.c. injections of ViviRen (37 μg) 

from Day 13 to Day 16. Tumor volume was measured by a caliper and body weight was 

monitored every two or three days for 35 days.  PDX intracranial mouse model was 

generate following previous describe method.  

 

4.4.10. RNA isolation and transcript expression analysis  

Total RNA was extracted and purified from the tumor or organ tissues using the RNeasy 

mini kit (Qiagen, Germantown, MD). cDNA was synthesized from 500 ng of RNA using 

QuantiTect Reverse Transcription Kit (Qiagen). Quantitative real-time PCR was 

performed using Select Master Mix (Thermo Fisher, Asheville, NC) in a BioRad IQ5 

detection system (Bio-Rad, Portland, ME). The transcript level of the NLuc and CoChR 
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genes were normalized to the average levels of Gapdh and Rpl32. PCR primers are listed 

in Table 3, and their specificity was confirmed with 1% agarose gel electrophoresis and 

melt curves. The fold difference for the mRNA expression level was calculated using 

2−ΔΔCt.  

 

4.4.11. Immunofluorescence  

The GBM tumor tissue was embedded in paraffin and sectioned at 5 μm on slides. After 

deparaffinizing, the tumor tissue was treated with citric acid buffer pH 6.0 for antigen 

retrieval. Then, the tissue was treated with PBS containing 5% goat serum and 0.3% Triton 

X-100 to block nonspecific staining. The tumor tissue was then incubated overnight at 4°C 

with anti- TOMM20 (1:200 dilution) and anti-cytochrome C (1:200 dilution) primary 

antibodies (Abcam, Waltham, MA). Thereafter, the tissue was stained with 1:200 diluted 

secondary antibodies labeled with AF488 and/or AF647 in 1% BSA, 5% goat serum, and 

0.3% Tween 20 in PBS. Finally, coverslips were mounted on slides and imaged using an 

Olympus FV1000 confocal microscope.  

 

4.4.12. Hematoxylin and eosin (H&E) staining  

The tumor tissue and normal organs (heart, brain, lung, liver, spleen, kidney) were 

embedded in paraffin and sectioned at 5 μm. After deparaffinizing, the slides were stained 

with hematoxylin and eosin solution and imaged using the high-performance Nikon 

microscope (Irving, TX) as previously described 119. 
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4.4.13. Antibodies and chemicals  

Mouse primary antibodies and HRP-conjugated secondary anti-mouse antibodies were 

obtained from Abcam. TOMM20 and cytochrome c antibodies were purchased from 

Abcam and Cell Signaling Technology (Danvers, MA), respectively. MitoSox and 

MitoTracker were purchased from Life Technologies. PVDF membrane and T-PER tissue 

protein extraction reagents were obtained from Thermo Scientific (Waltham, MA). All 

other reagents were from Millipore Sigma.  

 

4.4.14. Statistical analysis  

The experimental data were reported as mean ± standard error of the mean (SEM). 

Statistical comparisons among groups were performed using the two-way ANOVA 

Tukey's multiple comparisons test or one-way ANOVA Holm-Sidak's multiple 

comparisons test. P<0.05 was considered statistically significant. The distribution of data 

was tested using the Shapiro-Wilk normality test.  
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Figures 

 

(A) Map of mLumiOpto expression vector carrying the luciferase (i.e., NLuc) and 

mitochondrial rhodopsin (i.e., ABCB-CoChR) genes linked via a cleavable 2A linker. (B) 

Photostimulation with LED light (0.5 mW/mm2, 24 hours) caused more severe 

mitochondrial depolarization (measured by MitoView, a voltage-sensitive fluorescent dye) 

in cells expressing ABCB-CoChR compared to those expressing ABCB-ChR2. (C) IVIS 

imaging revealed that NLuc emitted much stronger luminescence than RLuc when coupled 

with luciferin ViviRen. (D) ABCB10 mitochondrial leading sequence resulted in high-

level, mitochondrial-specific CoChR expression in HeLa and MDA-MB-231 cells, as 

demonstrated by the strong overlap of eYFP (green, fused to CoChR) and MitoTracker dye 

A B C 

D E 

Figure 15. Development of mLumiOpto technology. 
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(red, a mitochondrial marker). (E) Representative confocal images demonstrated the co-

expression of NLuc-GFP and CoChR-mCherry in mLumiOpto plasmid-transfected TNBC 

MDA-MB-231 cells. *: P<0.05 vs. control (mock transfected). #: P<0.05 vs. ChR2. 

n=4/group.  
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(A) Transmission electron microscopy imaging showed AAV DJ8 particles with the correct 

morphology and size (~20 nm). (B) Western blotting confirmed the presence of AAV viral 

capsid proteins VP1 (87 kDa), VP2 (73 kDa), and VP3 (62 kDa). (C) ViviRen (30 μM) 

Figure 16. Characterization of mLumiOpto technology. 
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induced strong NLuc luminescence in mLumiOpto AAV-transduced GBM U87 cells. (D) 

mLumiOpto (AAV+ViviRen) induced severe mitochondrial depolarization in GBM U87 

cells, as measured by MitoView fluorescence. (E) mLumiOpto killed 90-99% of GBM 

U251, U251-TMZ, LN229, and GL261 cells within 72 hours, while AAV or ViviRen alone 

had no significant cytotoxic effect on these cells. (F) Intracerebroventricular (i.c.v.) AAV 

injection led to remarkably higher (~33-35 folds) mLumiOpto gene (NLuc) expression in 

GBM tumors compared to intravenous (i.v.) injection. (G) Intracerebroventricular (i.c.v.) 

AAV injection led to remarkably higher CoChR expression in GBM tumors compared to 

intravenous (i.v.) injection. n=4/group. (H) ViviRen elicited strong luminescence in 

mLumiOpto AAV-transduced intracranial GBM xenografts. (I) Ex vivo IVIS imaging 

confirmed mLumiOpto expression in GBM xenografts but not in normal organs. n=4-

6/group.  
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(A) mLumiOpto treatment significantly extended the survival of GBM xenograft mice. (B) 

Body weight trends were similar among the control and treatment groups. (C) IVIS 

imaging revealed >10-fold reduction in GBM tumor size in mLumiOpto treatment groups 

Figure 17. Evaluations of anti-cancer efficacy of AAV-delivered mLumiOpto in GBM 

xenograft mouse model. 
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compared to control (saline and AAV only) groups. (D) Quantification of GBM tumor 

bioluminescence flux collected in IVIS imaging. n=5/group.  (E) MRI images taken in the 

late stage of the survival study (i.e., 44 days post-cell implantation or 23 days after the last 

ViviRen injection) confirmed a significant reduction of GBM tumor burden in mLumiOpto 

treatment groups. n=8-10/group.  
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(A) H&E staining of the parafilm section slides of GBM xenograft demonstrated tumor 

burden reduction by mLumiOpto. (B) IHC staining of tumor slides with antibodies of 

cleaved caspase 3 and Ki67 indicated apoptosis-induced cell death and inhibition of 

proliferation, respectively, post- treatment. (C) H&E staining did not detect obvious injury 

or toxicity in normal organs of the treatment group. (D) Immunofluorescence assay 

revealed that TOM20 overlaps with cytochrome C in the control GBM tissue. (E) 

Cytochrome C staining becomes diffusive and TOM20 staining is fragmented in the 

Figure 18. Histology and immunofluorescent analysis in GBM xenograft mouse tissue. 
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mLumiOpto-treated GBM, indicating cytochrome C release and mitochondrial 

depolarization. 
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(A) mLumiOpto treatment caused a significant decrease in tumor wet weight compared to 

the control group. (B) Body weight did not exhibit significant differences between groups. 

(C) H&E staining did not detect any damage in normal organs (brain, heart, lung, liver, 

spleen, pancreas, kidney) of the treatment group. *: P<0.05 vs. Saline. n=5-8/group.  

 

 

A B 

C 

Figure 19. Evaluations of anti-cancer efficacy of mLumiOpto in GBM subcutaneous 

PDX mouse model. 
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Figure 20. Evaluation of anti-cancer efficacy of mLumiOpto in GBM orthotopic PDX 

mouse model. 

(A) MRI images of intracranially xenografted GBM PDX at the endpoint (14 weeks post 

PDX xenograft) showed that GBM tumor burden was significantly reduced by mLumiOpto 

treatment. n=4-5/group. (B) H&E staining did not detect obvious injury or toxicity in 

normal organs of the treatment group. (C) IHC staining of tumor slides with antibodies of 
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cleaved caspase 3 and Ki67 indicated apoptosis-induced cell death and inhibition of 

proliferation, respectively, post- treatment. 
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Table 2. List of PCR primers for plasmid construction 
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Table 3. List for RT-PCR primers. 
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