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1. INTRODUCTION 
 

1.1 Pediatric brain tumors 

Pediatric brain tumors (PBTs) are a heterogeneous group of neoplasms that affect the 

central nervous system (CNS) of children. They are considered a major public health 

problem due to their high incidence, morbidity, and mortality [1]. The incidence of PBTs 

varies worldwide, with higher rates reported in developed countries, such as the United 

States, Europe, and Australia, compared to developing countries [2]. Several factors may 

contribute to the development of PBTs, including genetic predisposition [3], exposure 

to environmental toxins [4], and viral infections [5]; however, the exact cause remains 

unknown. There are different types of PBTs, and they can be classified based on the type 

of cells they originate from. The most common are gliomas and medulloblastomas (MB) 

[6] (Figure 1).  

 

Figure 1. Classification of the main pediatric brain tumors  

 

Gliomas are tumors that originate from glial cells, which are the supportive cells of the 

nervous system, and are classified into different subtypes based on the type of glial cell 
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involved, with astrocytomas being the most common type [7]. MBs are tumors that orig-

inate from cerebellar neural progenitor cells. They are the most common type of brain 

tumors in children aged 0-14 years [8]. The World Health Organization (WHO) classifi-

cation system is widely used to categorize brain tumors based on their histological and 

molecular features, malignancy, or the degree to which they are cancerous. This system 

is important for establishing a diagnosis, guiding treatment, and predicting prognosis.  

The WHO classifies pediatric brain tumors into four grades (Table 1), from I to IV, with 

I being the least malignant and IV being the most malignant [9–12].  

 

Table 1. Clinical profile of the most common pediatric brain tumors. 

 

 

Grade I tumors are considered benign, meaning they do not spread to other parts of the 

body and are not likely to invade surrounding tissue. These tumors are usually slow-

growing and can be surgically removed with a good chance of a full recovery [13]. Grade 

II tumors are considered low-grade malignant, they are able to grow and invade sur-

rounding tissue but not to spread to other parts of the body. These tumors are also typ-
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ically slow-growing and can be surgically removed, but may require additional treat-

ment such as radiation therapy or chemotherapy [14,15]. Grade III tumors are consid-

ered high-grade malignant, they invade surrounding tissue and spread to other parts of 

the body. These tumors are typically more aggressive and require more extensive treat-

ment, including surgery, radiation therapy, and chemotherapy [16]. Finally, grade IV 

tumors are considered the most malignant, they grow quickly and spread rapidly to 

other parts of the body. These tumors are known to invade surrounding tissue and re-

quire aggressive treatment, including surgery, radiation therapy, and chemotherapy 

[17]. 

 

1.1.1 Medulloblastoma 

MB is a type of brain cancer that affects both children and adults, although it is the most 

common type of malignant brain tumor in children and accounts for about 20% of all 

childhood brain tumors, being slightly more common in males than in females [18][19]. 

MB originates from the embryonic cells that form the cerebellum, the part of the brain 

responsible for coordinating movement and balance. The cells from which MB origi-

nates are called granule cells precursor (GCPs) and are located in the outer layer of the 

cerebellum. These cells are involved in the formation of new neural connections and are 

essential for normal brain development. When these cells become cancerous, they grow 

rapidly and spread to spinal cord through the cerebrospinal fluid [20]. The worldwide 

incidence of MB varies, but it is estimated to occur in about 1 in every 100,000 children 

[21]. Most of the cases are diagnosed in children between the ages of 3 and 10, but it can 

also occur in infants and older individuals [22]. In 2016, with the advances in genomics, 

the WHO consensus on the MB subgroup divided it into 4 major subgroups: Wingless 

(WNT), Sonic Hedgehog (SHH), Group 3, and Group 4 [23] (Figure 2). These subgroups 

are thought to originate from different types of cells in the cerebellum [24] and have 

different molecular profiles, growth patterns [25] and responses to treatment [26].  
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Figure 2. Molecular subgroups of medulloblastoma. LCA= large cell/anaplastic; SNV= single nucleotide 

variant [27]. 

 

The WNT is the best known MB subgroup, comprising around 10–15% of the cases. It 

can occurs at any age; however, it is most commonly encountered in children 6–12 years 

of age (peak incidence at 10–12 years) with slight female predominance [28]. It is char-

acterized by activation of the WNT/β-catenin signaling pathway, total of 85–90% of 

WNT MB cases harbor mutations in CTNNB1, the gene encoding for the protein β-

catenin, and is associated with a better prognosis compared to the other subgroups [29]. 
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The WNT subgroup is associated with an excellent prognosis (> 95% survival at 5 years 

in pediatric patients), is rarely metastatic at diagnosis (5%-10% of cases), and rarely re-

curs [5].  

The SHH-MB is the most common malignant brain tumor of childhood, constitutes 28–

30% of all MBs, has a bimodal age distribution (infants<4 years and adults>16 years old), 

and is characterized by the aberrant activation of the SHH signaling pathway [28]. The 

overall outcome is intermediate depending on the age group. In general, the 5-years 

overall survival rate in patients with SHH-MB is about 75%. However, this outcome 

probably reflects the heterogeneity within the subgroup; more-detailed analyses of risk 

factors have documented that outcomes differ according to patient age, histological sub-

type, presence of metastasis at diagnosis, and underlying molecular abnormalities [30]. 

Group 3 accounts for 25–28% of all MBs [29]; it occurs predominantly in males (2:1 male 

to female ratio) [28] and is characterized by alterations in the MYC gene [31]. This sub-

type has a more aggressive course and is associated with a higher risk of recurrence and 

lower survival rate with high rates of metastasis and the worst survival outcomes of any 

subgroups (under 60% at 5 years) [32]. Group 4 rarely arises in infants and occurs much 

more frequently in males than in females (3:1 ratio) across all age groups (median age = 

9 years). It accounts for 35-40% of childhood MBs and is characterized by alterations in 

the KDM6A gene, a histone H3 Lys27 (H3K27) demethylase; nonsense mutation of 

which are found in 13% of patients [33]. This subgroup is associated with intermediate 

prognosis, is frequently metastatic (35%–40% at diagnosis) and recurrences tend to oc-

cur late [34]. 

 

1.1.2 SHH-Medulloblastoma 

SHH-MB subgroup is known for its specific molecular features. It is characterized by 

the activation of the SHH signaling pathway [35], which is involved in the regulation of 

cell proliferation and differentiation during embryonic development [36]. The main 

players of the SHH pathway include the HH ligands Sonic (SHH), the Patched trans-

membrane receptors (PTCH1 and 2), the G protein-coupled-like receptor Smoothened 
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(SMO), and the glioma-associated oncogene (GLI) transcriptional factors (GLI1, GLI2 

and GLI3). SHH released from the Purkinje cells acts on overlying GCP cells in the ex-

ternal granule cell layer (EGL), leading to proliferation. The pathway is crucial for nor-

mal development of the cerebellum, because it governs the proliferation of GCPs cells, 

the most abundant neuronal population in the brain [37]. GCPs are a population of cells 

derived from the rhombic lip that populates the surface of the cerebellum and forms the 

EGL [38]. In mice, after one week of proliferation, GCPs start to differentiate and migrate 

towards the internal granule cell layer (IGL) and the EGL disappears completely at the 

third postnatal week (Figure 3a,b) [39]. 

Figure 3. The SHH pathway activities during normal cerebellum development in mouse. SHH released 

from the Purkinje cells acts on overlying GCP cells in the EGL, leading to proliferation. After this period 

of SHH-dependent proliferation, granule neurons exit the cell cycle, begin to differentiate, and migrate 

inwards, past the Purkinje cell layer to reside in the IGL in the mature cerebellum. P0, post-natal day 0; 

P21, post-natal day 21; Ptc1, Patched1 protein; Smo, Smoothened protein; Gli1, Glioma-associated onco-

gene 1; PL, Purkinje cells layer. 
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GCPs cells are believed to be the cells of origin for MB; it has been suggested that MB 

arises as an aberration of normal developmental of GCPs due to genetic alterations/mu-

tations in the components of SHH pathway [40]. As a result of the genetic alteration, the 

GCPs cells fail to exit the cell cycle at the appropriate time and remain in the EGL, even-

tually expanding to form a tumor. The first indication that mutations in the SHH path-

way contribute to MB was the finding that Gorlin syndrome patients, who inherit germ 

line mutations in the Ptc1 gene, are predisposed to MB [41,42]. One common genetic 

alteration in MB is the loss of function mutations in the Ptc1 gene [43], which is respon-

sible for the negative regulation of the SHH signaling pathway.  Ptc1 gene encodes a 

Ptc1 trans-membrane protein that functions as a receptor for SHH ligand (Figure 3c). In 

the absence of SHH, Ptc1 maintains the SHH pathway in the “off state” by acting on 

SMO protein [44]. Upon SHH binding to Ptc1, this repression is lifted and a signal is 

transduced through SMO to the nucleus increasing expression of target genes including 

GLI1 and Ptc1 itself [45] (Figure 4). 

 

Figure 4. Somatic mutations of Ptc1 gene, a component of SHH pathway, may contribute to sporadic 

medulloblastoma. 
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Another common genetic alteration in MB is related to the uncontrolled amplification 

of the SMO gene [46], which encodes the SMO protein that transduces the SHH signal 

to the downstream signaling components. In addition to these genetic alterations, other 

genetic changes can also contribute to the development of MB. Genome-wide analysis 

has revealed that SHH-MB have a high frequency of copy number alterations, with gains 

in chromosomes 7 and 17 and losses in chromosomes 1, 9, and 10 [47]. These genomic 

alterations lead to the activation of oncogenes, such as MYC and TP53 [48,49], and the 

inactivation of tumor suppressor gene, such as PTEN [50,51]. The molecular and genetic 

characterization of SHH-MB has important implications for the development of new 

targeted therapies.  

 

1.1.3 SHH-MB mouse model 

Mouse models have played a critical role in advancing our understanding of brain tu-

mor biology and developing new treatments for these devastating diseases. Brain tu-

mors are among the most complex and heterogeneous cancers, and mouse models offer 

a powerful tool for studying their molecular and cellular characteristics in vivo. Genet-

ically engineered mouse models that recapitulate MB alterations found in human brain 

have been generated (Table 2).  

 

Table 2. Medulloblastoma genetically engineered mouse models [52].  

 

Genotype 

 

MB profile 

MB inci-

dence 

Tumor latency 

(week) 

 

Ref. 

Ptc+/- / Ptcneo67/+ SHH/desmoplastic 14% 5-25 [43][53] 

Ptc +/- Ink4c -/- or +/- SHH/desmoplastic 30% 12-36 [54] 

Ptc +/- Kip1 -/- or +/- SHH/desmoplastic 60-70% 16-18 [55] 

Ptc +/- Hic1 -/- SHH/desmoplastic 40% by 25 [56] 

Math1-Cre/Ptc C/C SHH/desmoplastic 100% 8-12 [57] 

Gfap-Cre/Ptc C/C SHH/desmoplastic 100% 3-4 [57] 

Sufu +/- /P53 -/- SHH/desmoplastic 58% by 28 [58] 

Hemizygous ND2-SmoA SHH/desmoplastic 48% 25 [59] 

Homozygous ND2-SmoA SHH/desmoplastic 94% 4-8 [60] 
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Gfap-Cre/Rbloxp/loxp/Tp53 -/-or loxp/loxp SHH/desmoplastic >84% 12 [61] 

Nestin-Cre/Xrcc4loxp/loxp /p53 -/- SHH/desmoplastic 87% 12-14 [62] 

Nestin-Cre/Xrcc2loxp/loxp /p53 -/- SHH/desmoplastic >90% 14-16 [63] 

Nestin-Cre/Lig4loxp/loxp /p53 -/- SHH/desmoplastic >90% 14-16 [63] 

Nestin-Cre/Brca2loxp/loxp /p53 -/- SHH/desmoplastic >90% 14-16 [63] 

GTML Classic or LCA 75% by 29 [64] 

Blbp-Cre/Ctnnb1+/lox(ex3) /Tp53flx/flx WNT-subgroup 15% 41 [24] 

 

In this PhD thesis, we used the Ptc1+/- knockout mouse model developed by Hahn and 

colleagues, maintained on CD1 background. This MB mouse model has been created 

using Cre-loxP technology. The Ptc1 gene was inactivated by replacing the exons 6 and 

7 on chromosome 13 with a neomycin resistance (NEO) cassette [53] (Figure 5). 

Figure 5. Schematic illustration of SHH-MB mouse model present at ENEA Research Center. 

 

This mouse model has been extensively studied and characterized in the Laboratory of 

Biomedical Technologies (TEB) of the Department of Sustainability of Territorial Pro-

duction Systems (SSPT) of the ENEA Casaccia Research center, where SHH-MB has been 

studying for over twenty years.  Studies of exposure from low to intermediate doses of 

ionizing radiation to identify biological factors influencing tumor response conducted 

on the Ptc1+/- mouse model, have shown that it is a radiosensitive model and that the 

degree of susceptibility is closely related to the age of the mice during exposure [65–69]. 

Indeed, Ptc1 mutated mice spontaneously develop MB with an incidence of 8%, but if 
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subjected to irradiation with doses of 3 Gy in postnatal age (P2) the onset of the tumor 

increases up to 80%. This MB model, in addition of being useful for studying and un-

derstanding the risks of exposure to low doses of radiation, is useful for studying the 

molecular mechanisms of MB tumorigenesis and evaluating the efficacy of new thera-

pies. 

 

1.1.4 Conventional SHH-MB treatment  

The treatment of SHH-MB remains a significant challenge for pediatric oncologists due 

to the difficulty in achieving complete remission, the risk of long-term toxicity, and the 

high likelihood of relapse. The current management strategies for this disease involves 

a combination of treatments, including maximal surgical resection followed by cranio-

spinal irradiation (CSI) and adjuvant chemotherapy [70]. Surgery is the primary modal-

ity used to treat SHH-MB. The goal of surgery is to remove as much of the tumor as 

possible without causing significant neurological damage. The surgical approach for 

SHH-MB patients typically involves craniotomy followed by subtotal resection or bi-

opsy [71]. Craniotomy is associated with a relatively low risk of morbidity and mortality, 

and has been shown to improve overall survival compared to biopsy alone [72]. How-

ever, craniotomy has several limitations, including the risk of infection, bleeding, and 

the need for a long period of rehabilitation [71,73]. In addition, subtotal resection or bi-

opsy may not be possible in all cases, particularly when the tumor is located in an area 

of the brain that is difficult to access [71]. 

Radiation therapy is another important component of the treatment plan for SHH-MB. 

This treatment uses high-energy beams, such as X-rays, to destroy the cancer cells and 

shrink the tumor [74]. Radiation therapy is usually administered after surgery to reduce 

the risk of the cancer recurring. The most common radiation therapy approach for SHH-

MB patients is CSI [75], which involves the delivery of radiation to the entire spinal cord 

and brain. CSI has been shown to significantly improve overall survival and reduce the 
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risk of relapse compared to surgery alone [76]. However, CSI is associated with a signif-

icant risk of long-term toxicity, including intellectual and neurocognitive impairment, 

endocrine dysfunction, and cardiovascular diseases [77,78]. 

Chemotherapy is also a common component of the treatment plan for SHH-MB. This 

treatment uses drugs to kill cancer cells and stop them from dividing and growing. 

Chemotherapy is usually administered in combination with radiation therapy to further 

improve the outcome for patients [79]. The most common chemotherapy regimen used 

to treat SHH-MB is high-dose methotrexate [80], a folate antagonist that is toxic to rap-

idly dividing cells. High-dose methotrexate has been shown to improve overall survival 

and reduce the risk of relapse, particularly when used in combination with radiation 

therapy [81]. However, methotrexate is associated with a significant risk of neurotoxi-

city [82], kidney damage, and liver damage [83]. 

 

1.2 New therapeutic approaches for the treatment of SHH-MB  

In recent years, more and more researchers, with the aim of improving outcomes for 

patients with SHH-MB, have focused on developing new therapeutic approaches based 

on the precise targeting of the SHH pathway, which plays a crucial role in the develop-

ment of SHH-MB. 

 

1.2.1 SHH inhibitors 

Targeted therapy is one of the most promising new approaches for SHH-MB treating 

[84]. This type of treatment is designed to target specific proteins or signaling pathways 

that are involved in the growth and survival of cancer cells. In the case of SHH-MB, 

several proteins have been identified as potential targets, including the SHH signaling 

pathway and the GLI family of transcription factors [85–87]. Targeted SHH inhibitors 

are small molecules that specifically target the SHH signaling pathway to inhibit its ac-

tivity and ultimately reduce the growth and proliferation of tumor cells [88]. One of the 

most well-studied targeted therapy inhibitors for the treatment of SHH-MB is vismo-

degib [89,90]. Vismodegib is a selective SHH pathway inhibitor that blocks SHH 



 

17 

 

signaling by binding to SMO protein and inhibiting activation of downstream SHH 

target genes [91] (Figure 6).  

 

 
Figure 6. Schematic representation of inhibition of the SHH pathway mediated by a molecule targeting 

the SMO protein.  

 

Clinical trials have shown that vismodegib is effective in reducing the size of SHH-MB 

tumors in some patients [92,93]. Another promising targeted therapy inhibitor for the 

treatment of SHH-MB is sonidegib [94], structurally similar to vismodegib, but with a 

slightly different mechanism of action. In fact sonidegib directly inhibits the activity of 

the GLI transcription factors, which are the downstream effectors of the SHH signaling 

pathway [95,96]. In preclinical studies, sonidegib has been shown to be effective in re-

ducing cancer cells growth in vitro and in vivo [95,97]. In addition to vismodegib and 

sonidegib, there are several other targeted therapy inhibitors that have been investi-

gated for the treatment of SHH-MB [22]. One of these is lomustine, a drug molecule that 

has been shown to inhibit the activity of the SHH signaling pathway in MB cancer cells 

[98]. However, the real efficacy of lomustine is still unclear, and more research is needed 

to determine its effectiveness in patients. 
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1.2.2 Gene therapy 

Gene therapy is another innovative therapeutic approach that has shown promise for 

the treatment of MB [99,100]. This therapy involves the delivery of therapeutic genes to 

cancer cells in order to alter their behavior. One approach is to use siRNA molecules to 

block the expression of genes responsible of the SHH pathway alteration. Another ap-

proach involves delivering a functional copy of a tumor suppressor gene directly into 

the tumor cells to restore normal function and inhibit tumor growth. One recent study 

described the use of a viral vector system to deliver a functional SMO gene, which is a 

critical component of the SHH signaling pathway, into glioblastoma cells [101]. The 

study showed that this approach was effective in reducing the expression of the down-

stream SHH target genes and inhibiting tumor cell proliferation in vitro. In addition, 

some researchers are investigating the use of CRISPR-Cas9 technology to modulate en-

dogenous Myc expression in mouse model of G3 MB [102]. In fact, this technology al-

lows for precise editing of the genome, including the correction of genetic mutations 

that contribute to tumor onset, for the development of novel treatment strategies or mu-

rine models. Although gene therapy offers great potential for treating several types of 

cancers, especially those driven by the overactive SHH pathway, its use for MB is still 

in its early stages of development. 

 

1.2.3 Immunotherapy 

Immunotherapy is a rapidly-growing field of cancer research and has shown great 

promise for the treatment of MB [103–105]. This type of therapy involves boosting the 

body's natural immune response to cancer, either by activating the immune system di-

rectly or by blocking signals that prevent it from recognizing and attacking cancer cells. 

One type of immunotherapy that has shown promises in the treatment of SHH-MB is 

the checkpoint inhibitor therapy [106,107]. Checkpoint inhibitors are drugs that target 

specific proteins on the surface of immune cells that act as "brakes" on the immune sys-
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tem, preventing it from attacking cancer cells. By blocking these brakes, checkpoint in-

hibitors unleash the full power of the immune system against the cancer, allowing it to 

recognize and destroy the cancer cells more effectively. Several checkpoint inhibitors, as 

anti-PD-1 and anti-CTLA-4,  have been developed and tested in clinical trials for the 

treatment of SHH-MB (NCT02359565: Pembrolizumab and NCT03173950: Nivolumab, 

respectively) [106,108]. Another type of immunotherapy that has shown promise for the 

treatment of SHH-MB is adoptive cell therapy [104]. Adoptive cell therapy is a type of 

treatment that involves removing immune cells from a patient, modifying them to make 

them more effective against cancer, and then re-infusing them back into the patient [109]. 

One type of adoptive cell therapy that has been used in the treatment of Group 3 MB is 

CAR T-cell therapy [110–112], in which T cells are engineered to express a chimeric an-

tigen receptor (CAR) that targets a specific protein on the surface of cancer cells [110]. 

These CAR T cells can then home the cancer cells and destroy them, providing a pow-

erful immune response against the cancer. In addition to checkpoint inhibitor therapy 

and adoptive cell therapy, other types of immunotherapy are being explored for the 

treatment of SHH-MB, including vaccine therapy [113] and oncolytic virus therapy 

[114,115]. 

Despite the encouraging results of the new innovative strategies for the treatment of MB, 

the combined approach of surgery, radiotherapy and chemotherapy remains the most 

used strategy. There is therefore an evident need to develop new therapeutic approaches 

for the treatment of MB patients, especially those with high-risk or recurrent/relapsing 

disease [116,117]. Patients with high-risk disease, including those younger than aged 3–

6 years or those with metastatic disease, large cell or anaplastic histology, or poorly re-

sected tumors, [116–118] have lower survival rates than patients with standard-risk dis-

ease; 5-years survival rates are 55%–76% and 70%–85%, respectively [116,119]. In addi-

tion, most survivors suffer from long-term toxicities associated with the current stand-

ard-of-care treatment [117,120,121]. In particular, CSI-induced neurocognitive toxicities, 

which are inversely related to patient age, can be severe [117–119,121]. For this reason, 

CSI is not recommended for patients younger than aged 3–6 years [117–119]. In these 
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patients, postsurgical chemotherapy is suggested and usually includes high-dose chem-

otherapy with stem-cell rescue [117]. However, using chemotherapy in children has al-

ways been a challenge. For example, although SHH pathway is a promising strategy for 

MB treatment, it is involved in development of CNS and its direct inhibition can result 

in severe adverse effect on children growth [122]. In this context, nanotechnologies can 

play a crucial role in simultaneously improving the efficacy and safety of chemotherapy 

treatments through the development of new drug delivery systems. 

 

1.3 Nanotechnology in nanomedicine 

Nanotechnology is an emerging branch of science that has brought significant advance-

ments in various fields, including medicine. Nanomedicine, which refers to the use of 

nanotechnology in healthcare, has the potential to revolutionize the field of oncology  

[123]. Among different types of nanotechnology-based approaches, nanoparticle (NP)-

based technology has shown immense potential in cancer treatment. In fact, by the de-

velopment of NP-based targeted delivery systems, therapeutic agents can be selectively 

delivered to the tumor site [124,125] (Figure 7).  
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Figure 7. Illustration of different approaches to design a NP-based smart delivery systems. Various NPs, 

therapeutic molecules, targeted sites, and the different types of internal or external modifications with 

which a NP can be engineered are represented. 

 

NPs are sub-micron particles with a size ranging from 1 to 100 nanometers that have 

shown great potential as drug delivery systems [126]. Due to their small size, NPs can 

easily penetrate through the tumor tissues and accumulate at the site of the tumor, in-

creasing the efficacy of chemotherapy [127]. NPs can be engineered to possess specific 

physicochemical properties, such as size and surface charge/chemistry, which enable 

them to interact with biological systems in a controlled manner, an ideal characteristic 

for targeted drug delivery platforms [128,129]. NPs can be designed to carry a wide 

range of drugs such as small molecules, proteins, peptides, nucleic acids or other thera-

peutic agents to specific targets in the body [130] (Figure 7). Traditional cancer treatment, 

chemotherapy, can have significant side effects because the drugs are not specific to the 

tumor cells and can also kill healthy cells. However, NPs surface can be functionalized 
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with ligands or antibodies that bind to specific cell surface receptors, allowing for tar-

geted drug delivery to cancer cells and protecting active principles from degradation 

and clearance by the immune system, leading to increased drug circulation time and 

improved bioavailability [131,132]. Depending by their nature, origin and source, NPs 

allow other promising applications: 

i) as radiosensitizers: to enhance efficacy of radiation therapy. When exposed to radia-

tion, NPs can generate reactive oxygen species, which can damage the DNA of cancer 

cells, leading to their death [133];  

ii) as imaging tool: to improve the sensitivity of in vivo imaging. By labeling NPs with 

imaging agents, such as fluorescent dyes or magnetic resonance imaging (MRI) contrast 

agents, researchers can visualize the tumor tissues with high resolution and accuracy 

and detect early-stage tumors, allowing for early diagnosis and treatment [134]; 

iii) as nanovaccines: to stimulate the immune system to recognize and attack cancer cells. 

By the exposure of tumor antigens on nanoparticles surface, they can be efficiently de-

livered to antigen-presenting cells, leading to the activation of immune cells [135]. More-

over, nanoparticles can also act as adjuvants, enhancing the immune response and pro-

moting long-term immunity [131]; 

iv) as delivery systems for nucleic acids, such as siRNA and miRNA:  to silence specific 

genes involved in cancer progression [136]. By delivering nucleic acids to tumor cells, 

NPs can selectively inhibit the expression of genes that promote tumor growth, leading 

to cancer cell death; 

v) in addition to drug delivery, imaging, and gene therapy, NP-based nanotechnology 

can be used also for photothermal therapy, since they can absorb light and generate heat, 

leading to the death of cancer cells [137].  

This broad field of applications are closely associated with the prerogative of achieving 

tumor targeting. In oncology tumor targeting is essential, as it allows for the selective 

delivery of therapeutic agents to the tumor site, while minimizing toxicity to normal 

tissues [138]. There are several strategies for tumor targeting, including passive and ac-

tive targeting [139] (Figure 8).  
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Figure 8. Schematic overview representing transport mechanisms of systemically administered NPs in 

biomedical applications. In passive targeting nonspecific interaction with tumor cells may occur upon 

paracellular NP transport. In contrast to passive targeting, ligand-coated NPs may interact specifically 

with tumor cells, potentially leading to increased NP retention and improved cell uptake. 

 

Passive targeting relies on the enhanced permeability and retention (EPR) effect [140], 

which occurs due to the leaky vasculature and poor lymphatic drainage of solid tumors 

[141]. In this case, NPs can exploit this effect by accumulating in the tumor via passive 

diffusion, leading to higher drug concentrations in the tumor compared to normal tis-

sues [142]. However, passive targeting has limitations, particularly in heterogeneous tu-

mors with varying EPR characteristics [143]. Active targeting instead, can overcome this 

limitations and increase the specificity and efficacy of NP delivery to the tumor site [144] 

(Figure 8). Active targeting involves the use of specific ligands or antibodies that can 

selectively bind to receptors or antigens on the surface of cancer cells, leading to en-

hanced uptake and retention of the NPs in tumor tissue [139,145]. For example, NPs that 

target specific receptors or antigens on the surface of cancer cells, such as HER2 [146], 

EGFR [147], and VEGF [148], have shown promising results in preclinical studies, and 

some of these agents are currently being evaluated in clinical trials.  

 

1.3.1 Different type of NPs 

Over the past decades, the progress of nanotechnology has opened new avenues for 

medical science, especially in the field of drug delivery. Traditional drug carriers have 
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been developed based on liposomes/lipids [149], polymers of synthetic and natural 

origin [150], and inorganic nanoparticles [151] (Figure 9). 

 

 

Figure 9. Some of most common classes of NPs used in nanomedicine for targeted therapy against tumors 

or as in vivo imaging systems. 

 

1.3.2 Lipid- based NPs 

Lipid-based NPs include various subset structures but are most typically spherical plat-

forms comprising at least one lipid layer surrounding one internal aqueous compart-

ment. As a delivery system, lipid- based NPs, such as such liposomes, lipid NPs and oil 

emulsion are the most common used as they offer many advantages including formula-

tion simplicity, self-assembly, biocompatibility, high bioavailability, ability to carry 

large payloads and a range of physicochemical properties that can be controlled to mod-

ulate their biological characteristics [149,152]. For these reasons, lipid- based NPs are the 

most common class of FDA-approved nanomedicines [153,154]. 

 

1.3.3 Polymeric NPs 

Polymeric NPs can be synthesized from natural or synthetic materials, as well as mono-

mers or preformed polymers allowing for a wide variety of possible structures and char-

acteristics [155]. The most common forms of polymeric NPs are polymersomes, micelles 



 

25 

 

and dendrimers. Polymersomes are artificial vesicles, with membranes made using am-

phiphilic block copolymers. They are comparable to liposomes but are reported to have 

improved stability and cargo-retention efficiency [156]. Polymeric micelles are also typ-

ically responsive block copolymers that self-assemble to form nanospheres with a hy-

drophilic core and a hydrophobic coating; this serves to protect aqueous drug cargo and 

improve circulation times [157]. Dendrimers are hyperbranched polymers with complex 

three-dimensional architectures for which mass, size, shape and surface chemistry can 

be highly controlled. Active functional groups present on the exterior of dendrimers 

enable conjugation of biomolecules or contrast agents to the surface while drugs can be 

loaded in the interior. Dendrimers can hold many types of cargo, but are most com-

monly investigated for the delivery of nucleic acids and small molecules [158,159]. 

 

1.3.4 Inorganic NPs 

Inorganic materials such as gold, iron and silica have been used to synthesize nanostruc-

tures for various drug delivery and imaging applications. These inorganic NPs are pre-

cisely formulated and can be engineered to have a wide variety of sizes, structures, and 

geometries. Gold NPs (AuNPs), which are the most well studied, are used in various 

forms such as nanospheres, nanorods, nanostars, nanoshells and nanocages [160]. Mag-

netic iron oxide NPs, composed of magnetite (Fe3O4) or maghemite (Fe2O3), possess su-

perparamagnetic properties at certain sizes and have shown success as contrast agents, 

drug delivery vehicles and thermal- based therapeutics [161]. Other common inorganic 

NPs include calcium phosphate and mesoporous silica NPs, which have both been used 

successfully for gene and drug delivery [162,163]. Quantum dots, typically made of sem-

iconducting materials such as silicon, are unique NPs used primarily in in vitro imaging 

applications, but they show promises for in vivo diagnostics [164,165]. 
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1.3.5 Protein-based NPs 

Biopolymer-based NPs, such as protein NPs, are actively used as pharmaceutical and 

functional tools owing to their low toxicity and biodegradability. As exhibited through-

out  many studies that have been conducted on this subject [166], proteins exhibit 

unique functions and properties in biological materials and manufacturing fields, and 

can be used as base materials for production of nanoparticles. Protein NPs have been 

prepared from various sources including water-soluble proteins (ferritin, bovine and 

human serum albumin, silk sericin) and partially soluble or insoluble proteins (silk fi-

broin, zein, and gliadin) [167]. 

Minimal toxicity, biocompatibility and biodegradability are pivotal features to achieve 

NPs clinical impact. However, some synthetic carriers are limited by toxicity and/or low 

delivery efficiency, so alternative systems need to be developed [168]. Virus nanoparti-

cles (VNPs) and their noninfectious counterparts, virus-like particles (VLPs), have 

emerged as a promising delivery system for therapeutic agents such as drugs, genes, 

and proteins. Viruses are naturally occurring nanoscale structures composed of proteins 

and nucleic acids that have evolved to efficiently transport their genetic material into 

host cells. Interestingly, the production strategies of these natural NPs are based on the 

use of biological systems such as bacteria, yeasts or mammalian cells,  and also to com-

pletely green strategies based on the use of plants as biofactories, called plant molecular 

farming (PFM) [169].  

 

1.4 Plant Molecular Farming (PMF) 

Plant molecular farming is a modern and rapidly expanding field of biotechnology that 

involves the production of high-value proteins, metabolites, and other compounds us-

ing genetically engineered plants as a bioreactor (Figure 10).  
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Figure 10. Plant platforms for the expression of recombinant proteins  

 

The concept of using plants as bioreactors for the production of valuable compounds 

dates back to the early 1990s, when researchers first demonstrated the expression of  

functional immunoglobulin in transgenic tobacco plants [170]. Being a higher eukaryotic 

organism, plants allow expression of heterologous proteins with structural and func-

tional characteristics similar to those of native proteins, including post-translational 

modifications [171], therefore they are a suitable host system for the production of hu-

man pharmaceuticals. Moreover, compared to traditional biomanufacturing methods 

that rely on microbial or animal cell cultures, the production of recombinant proteins in 

plants can be scaled up easily and inexpensively by using conventional agricultural 

methods, and without risk of mammalian pathogens contaminations [172]. Another ad-

vantage of PMF is the potential for producing complex and biologically active proteins 

that are difficult or impossible to produce using traditional biomanufacturing strategies 

[173].  

Plant-based platforms are classified according to the transformation method (stable or 

transient) and the plant tissue used to target the expression. The basic principle of stable 
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transformation consists in inserting a foreign gene encoding the protein of interest into 

the genome (nuclear or plastid) of plant cells that are subsequently used to regenerate 

an entire plant through a callus phase [174]. The gene of interest is usually placed under 

the control of a strong and specific promoter that ensures its expression in the desired 

tissues [175]. By this approach, all the cells of the regenerated organism are genetically 

transformed, including germ cells that can transmit the heterologous information to the 

progeny [176]. Protein expression and accumulation can be targeted in leaves, seeds or 

any other storage organ [177,178]. The yields of the recombinant product that are ob-

tained through stable transformation are generally not too high because the gene is in-

serted randomly into the plant genome (position effect) and also requires the screening 

of a large number of plants [179]. All the process (transformation, regeneration and 

growth) is generally long and time consuming also because several generations are 

needed to obtain plants that are homozygous for the transgene [173]. Other challenges 

are the regulatory framework for the production and use of transgenic plants. The use 

of transgenic plants for the production of pharmaceuticals and other products is subject 

to strict regulations and safety assessments by regulatory agencies, such as the FDA and 

USDA in the United States, and the European Medicines Agency in Europe [180]. An-

other challenge is the risk of contamination of the environment and food chain by ge-

netically modified plants [181]. Although the risk of gene flow from transgenic plants to 

wild relatives or non-target organisms is low, it cannot be completely eliminated [182]. 

To face these challenges, transient protein expression strategies can bring significant ad-

vantages. In fact, it can considerably reduce costs to current cell-based manufacturing 

systems, while avoiding the complex procedures needed in stable plant transformation 

and risk assessment. Transient systems have been demonstrated to be environmenta lly 

friendly in both indoor and outdoor test [183].  

Two approaches can be used for transient expression: standard binary plant expression 

vectors and virus-based expression vectors [184–187]. Binary expression vectors are in-

troduced into intact plants using an Agrobacterium tumefaciens-mediated transfer-DNA 
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delivery system (Agro-infiltration, i.e. vacuum infiltration of aerial parts of the plant to 

introduce Agrobacterium cells containing expression vectors into the plant cells) [188,189].  

The co-expression of silencing suppressor proteins, derived from plant viruses such as 

TBSV p19, has been shown to be a key factor for yields optimization [190–192]. Agro-

infiltration have been used to produce a wide range of biopharmaceutical proteins 

[188,193,194]. 

Virus-based expression vectors offer advantages over standard plant expression sys-

tems by exploiting the cytoplasmic replication cycle of the virus [186,195,196]. These 

systems allow rapid and efficient expression level, obtaing considerable amount of the 

recombinant protein in as little as 4-8 weeks, while leaving no heritable changes in the 

progeny (no foreign gene is transmitted in the pollen) [195]. Virus-based expression vec-

tors generally fall into two categories: "full virus" or "minimal virus". Full-virus vectors 

containing the entire genome of potexviruses (including potato virus X; PVX), to-

bamoviruses (including tobacco mosaic virus; TMV), comoviruses (including cowpea 

mosaic virus, CPMV), and many others have been developed [186,195]. The protein of 

interest or the viral particles accumulate in large quantities in the tissues of the infected 

plants and through purification protocols can be retrieved and collected. Usually, for 

recombinant protein expression, the sequence encoding the protein of interest is placed 

under the activity of subgenomic promoters, a typical feature of some kind of viruses 

[197]. Moreover, through genetic engineering strategies involving the gene encoding for 

the coat protein the full virus vectors can be modified to produce chimeric virus particles 

exposing on their surface a heterologous sequence. In contrast, minimal-virus mainly 

exploit the highly efficient viral replication system, and some of the "accessory" viral 

proteins involved in the infection process are eliminated. This approach makes it possi-

ble to increase the size of the genetic sequence inserted in viral genome [198]. Since these 

minimal vector viruses are unable to move from cell to cell into the inoculated plants, 

agroinfiltration procedures are used to initiate the infection process [196,199,200]. 

Compared to full-virus vectors, production times are considerably reduced as it is not 

necessary to wait for the infection to spread systemically [196,200].  
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Plant virus can be used not only as expression vectors, but also per se, as nano-objects 

for several nanotechnological application, biomedicine in particular. Therefore, PMF is 

a suitable approach for the production of protein-based delivery systems VLPs, plant 

VLPs and VNPs (pVLPs and pVNPs, respectively) in primis. 

 

1.4.1 Virus Nanoparticles as delivery systems 

The better understanding of the structure and function of viruses has revealed a collec-

tion of natural molecular assemblies and containers with a variety of shapes, sizes, sta-

bilities, dynamic properties, and chemical reactivities [201]. Viruses are increasingly be-

ing used in materials science, engineering, and nanotechnology as tools and building 

blocks for electronics, chemistry, and biomedical science [202]. Although evolved in na-

ture to invade and infect host cells for the efficient delivery of genomic cargo, recent 

developments in nanotechnology have revolutionized viruses as safe delivery vehicles. 

In fact, the VLPs are self-assembled structures that mimic the structural and functional 

properties of viruses, but the lack  of genetic material makes them safe for biomedical 

applications [202] (Figure 11). 

 

Figure 11. Schematic representation of the self-assembly of an icosahedral virus-like particles. 
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The structural proteins of the virus form the building blocks of the VLPs and are pro-

duced in a recombinant expression system. In this way it is possible to directly purify 

VLPs already assembled in vivo or the single structural units subsequently assembled in 

vitro through a variety of methods, including chemical crosslinking, heat shock, or self-

assembly through electrostatic interactions [203,204].  

One example of the use of VLPs in drug delivery is the development of VLPs derived 

from the hepatitis B virus (HBV). Escherichia coli produced HBc (Hepatitis B core) VLPs 

were used to deliver the anticancer drug doxorubicin (DOX) to HeLa and HT29 cells 

[205] and glioblastoma cells [206]. DOX was encapsulated within the VLPs, modified to 

display a tumor-targeting peptide on their surface. These VLPs were shown to be highly 

effective in delivering the drug to the cancer cells, resulting in increased cytotoxicity 

compared to free DOX. VLPs have also been investigated as potential imaging agents 

for diagnostic purposes.  

For example, Qbeta bacteriophage VLPs have been used to enhance magnetic resonance 

imaging (MRI) [207,208]. They have high payload capacity and can carry a large amount 

of imaging agent, such as gadolinium (Gd), within their interior. Another study demon-

strated the potential of M13 VLPs as an imaging agent for the detection of breast cancer 

[209]. Specifically, AF488 fluorophore has been chemical attached to the phage capsid 

which displayed antibody fragments to EGFR and HER2 proteins. In addition to mam-

malian and bacterial viruses, also plant viruses are promising delivery systems for ther-

apeutics, such as drugs, genes, proteins, and imaging agents.  

 

1.4.2 Plant Virus Nanoparticles 

Since plant viruses were discovered in the late nineteenth century, their impact has 

changed from harmful pathogens to useful molecular machines with applications in 

plant molecular farming and bio-nanotechnology. Although public perception of a plant 

virus is often associated with a harm, viruses can easily be reorganized into environ-

mentally friendly and safe structures [210–212]. The expansion of the overall knowledge 
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and understanding of viral genomes, architecture, and biophysical properties has al-

lowed the use of plant viruses as vectors for recombinant protein expression and the 

production pVNPs. pVNPs are particularly valuable because they are not only biocom-

patible and biodegradable, but also considered non-infectious and nonhazardous in hu-

mans and other mammals [213–215]. pVNPs are well-characterized, monodisperse 

structures (many solved at atomic resolution) that can be produced in large quantities 

using plants. The production and purification of pVNPs from plants are rapid, cost ef-

fective and can easily be scaled up depending on demand [216].  Plant viruses have 

very simple shapes (rod-shaped, spherical, quasi-spherical, or filamentous), consisting 

of multiple copies of one or a few coat protein (CP) subunits, forming a protein capsid 

around the viral genome. Some of the many biological applications of pVNPs include 

vaccine production and innovative delivery mechanisms for therapeutic compounds, 

diagnostic reagents, enzymes, pesticides, immunogenic peptides, and many others [217]. 

Approximately 900 plant viruses, identified mainly in crops, are known [218]. Several 

of them, such as the TMV, PVX, CPMV, cowpea chlorotic mottle virus (CCMV), brome 

mosaic virus (BMV), cucumber mosaic virus (CMV), papaya mosaic virus (PapMV), to-

mato bushy stunt virus (TBSV) are utilized in biotechnology and plant viral-based nan-

otechnology [219,220]. With advances in biochemistry and molecular biology, continu-

ous progresses have been made in the development of viral nanocarriers for drug deliv-

ery and theranostic applications. The most advanced pVLPs and pVNPs platforms for 

drug delivery applications are those based on TMV, CPMV, and PVX (Figure 12). 
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Figure 12. Schematic illustration of the main plant viruses used in nanotechnology. The figure shows the 

characteristics about the genome, the 3D structure and the (TEM) images of the TMV  (scale bar 100 nm), 

CPMV (scale bar 200 nm) and PVX (scale bar 100 nm) viruses. ORF, “open reading frame”; RT, read-

through translation mechanism Mtr, Methyltransferase domain; Hel, helicase domain; RdRp, RNA de-

pendent RNA polymerase; MP, movement protein; VPg, viral protein genome-linked. 

 

Tobacco mosaic virus is a well-known plant virus that has been extensively studied due 

to its unique rod-shaped structure and high stability. Ever since its initial characteriza-

tion in the 19th century, TMV has played a prominent role in the development of mod-

ern virology and molecular biology. More recently, this knowledge has been applied to 

the development of novel reagents and structures for applications in biomedicine and 

bio-nanotechnology. TMV rod shaped particles have a length of approximately 300 nm 

and a diameter of 18 nm. The virus consists of a single-stranded RNA genome that is 

enclosed within a helical protein coat. The capsid is composed of approximately 2130 

identical CP subunits [221]. At neutral pH and in the absence of RNA, the CPs assemble  
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into a 18 nm double disk, a 20S aggregate or nano-ring containing two layers of 17 CP 

molecules which can serve as a nanoscale scaffold [222]. TMV has been demonstrated to 

efficiently deliver Cisplatin [223] and Phenanthriplatin [224,225]. The drugs were loaded 

into the TMV NP cavity using charge-driven interactions or by synthesizing stable co-

valent adducts. Such a TMV-based drug delivery system was proven to enable superior 

targeted cytotoxicity as well as increased ease of uptake in HepG2 and MCF-7 cancer 

cell lines [226,227]. Another anti-cancer drug, mitoxanthrone (MTO), which is a topoi-

somerase II inhibitor, has been encapsulated into TMV [228]. TMV NPs exhibited tumor-

reduction in mouse models, while precluding severe cardiac outcomes that sometimes 

accompany direct delivery of MTO. Yet another anti-neoplastic and antimitotic drug, 

valine-citrulline monomethyl auristatin E (vcMMAE), was bound to the exterior of TMV 

NPs which targeted non-Hodgkin’s lymphoma [229]. 

Potato virus X is a member of the family Alphaflexiviridae, genus Potexvirus, an im-

portant plant pathogen for  the Solanaceae family, and specifically infects potato, to-

mato and tobacco [230,231]. It has a 6.4-kb positive-stranded RNA genome [232] and 

multiple copies of CP are assemble around the genomic RNA to form the capsid. The 

PVX particle is 515 × 14.5 nm in dimension and comprised of 1,270 subunits of CP [233]. 

The C-terminus of each CP subunit is located internally and the N-terminus projected 

externally to the assembled particle, which provides a suitable site for modification 

[234–237]. Unlike other reported viruses, the assembly of PVX CP subunits into filamen-

tous pVLP, in vivo or in vitro, is not possible in the absence of genomic RNA. This reflects 

the unique connection between virus RNA and CP [238]. The PVX-DOX combination 

was shown to be highly effective in stimulating cytokine/chemokine levels while pro-

longing the survival of mice in melanoma models compared to that obtained through 

the administration of either PVX or DOX alone [239] . An efficient and new drug deliv-

ery system has been reported for Non-Hodgkin’s B cell lymphomas (NHL) based on 

PVX binding affinity towards malignant B cells. PVX loaded with monomethyl auri-

statin (MMAE) and administered to tissues harboring malignant B cells lead to inhibi-

tion of NHL growth in a mouse model [240]. PVX nanoparticles are increasingly used 
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for immunotherapy of tumor microenvironments. The monoclonal antibodies of Her-

ceptin or Trastuzumab can be loaded onto PVX nanofilaments, which successfully in-

duced apoptosis in breast cancer cell lines [241]. 

Cowpea mosaic virus belongs to the Comovirus genus, is an icosahedral shaped virus 

with a diameter of approximately 27 nm. It is composed of RNA-1 and RNA-2 of 6 and 

3.5 kb, respectively ,packed in 60 copies each of large and small CP [213]. CPMV is one 

of the most developed VNPs for biomedical and nanotechnology applications due to its 

ability to target specific tissues and act as an efficient drug delivery system. It is also 

reported to be well-adapted for the attachment of a variety of molecules to the CP. Five 

reactive lysine residues of CPMV CP provide sites to chemically conjugate to various 

compounds such as fluorescent dyes [242]. CPMV is also used to produce VLPs which 

can be loaded with heterologous material, increasing the number of possible applica-

tions for CPMV-based particles [243]. The CPMV-DOX conjugate was developed using 

eighty molecules of DOX covalently bound to carboxylates at the external surface of the 

CPMV NP. This drug delivery vehicle was found to be more cytotoxic than free DOX 

when used in low concentration, however, CPMV-DOX cytotoxicity is time-delayed at 

higher concentrations [211]. CPMV NPs have been reported as an in situ vaccine to stim-

ulate an anti-tumor response and overcome local immunosuppression [244]. The strat-

egy for immunotherapy resulting antitumor efficacy is promising and involved the for-

mation of aggregates of CPMV and polyamidoamine, generating 4 dendrimers (CPMV-

G4). Administration of CPMV-G4 effectively reduced ovarian cancer [245]. CPMV NPs 

thus provide a therapeutic application for tumor targeting and therapy [246].  

 

1.5 Plant virus modification 

Plant virus nanotechnology is an interdisciplinary field located at the interface of virol-

ogy, chemistry, materials science, and medicine and wide variety of protocols and strat-

egies have been developed and implemented to modify pVNPs for biomedical applica-

tions. 
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1.5.1 Genetic engineering 

The knowledge of the complete genomic sequence of many plant viruses and the re-

markable developments in the field of molecular biology have made the genetic manip-

ulation of pVNPs feasible at entire viral genome level. In fact, it is possible to intervene 

in order to fuse sequences coding for entire proteins, or their small portions (peptides), 

to viral CPs [247]. The N- or C-terminal regions of viral CP or any other exposed do-

mains, are exploited to fuse the heterologous sequence of interest [248]. The choice of 

the N-ter or C-ter position is closely related to the type of virus used, its shape, the size 

of the fragment and the decision to use external or internal surface of the virion [249,250]. 

The viral vectors obtained through this type of approach have led to the development 

of two expression systems. The first is defined "epitope-presentation" (Figure 13a) and 

viruses engineered by this strategy are therefore made up of chimeric CPs which, once 

assembled, expose the exogenous sequence on their surface [251–254]. This approach 

offers considerable potential as regards the preparation of vaccines. For example, helical 

plant viruses, such as, bamboo mosaic virus (BaMV), cardamom mosaic virus (CdMV), 

johnsongrass mosaic virus (JGMV), papaya mosaic virus (PapMV), papaya ringspot vi-

rus (PRSV), plum pox potyvirus (PPV), PVX, potato virus Y (PVY), tobacco etch virus 

(TEV), TMV, and zucchini yellow mosaic virus (ZYMV) have been genetically engi-

neered to display immunogenic epitopes on their surfaces to provide effective vaccina-

tion against several disease pathogens and for immunotherapy [255]. However, not all 

viruses have the flexibility to tolerate this type of change without losing their function-

ality. For this purpose, it is important that heterologous sequence be specific character-

istics in terms of length, pI, charge and amino acid composition in order to obtain infec-

tious recombinant pVNPs [249,250]. The second strategy is the so-called Overcoat® sys-

tem (Figure 13b), used when it is necessary to genetically fuse whole proteins or large 

protein fragments and the use of a peptide linker (for example composed by Gly-Pro or 

Gly-Ser repetitions) is not sufficient to prevent problems of steric hindrance, CP folding 

and virus assembly [256,257]. In this case it is possible to introduce, between the CP and 

the exogenous fragment, a leaky stop codon if exposed at the C-terminus, or the 2A 
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peptide deriving from the foot and mouth disease virus (Foot and Mouth Disease Virus, 

FMDV) [258], if exposed at the N-terminus. The presence of peptide 2A induces prema-

ture ribosome leakage during translation [259], allowing alternating expression of nor-

mal (wild-type) and modified viral CPs, and thus generating only partially chimeric vi-

rions. 

 

Figure 13. Scheme of the different genetic engineering strategies adopted to modify the genome of plant 

viruses. (a) fusion of the peptide of interest to the viral CP, "epitope pr esentation"; (b) fusion of the GOI 

to the viral CP via the 2A peptide “Overcoat®”. RdRp, RNA dependent RNA polymerase; MP, viral 

movement protein; CP, capsid protein; GOI, gene of interest/peptide (“gene of interest”); 2A, 2A peptide 

from FMDV. 

 

1.5.2 Chemical conjugation  

An alternative to genetic engineering is chemical conjugation. The presence of reactive 

amino acid residues on the capsid can be exploited to form a covalent bond with a wide 

range of molecules. The functional groups mostly used for chemical conjugation reac-

tions are amines (Lys), carboxylates (Asp, Glu), thiols (Cys) and aromatic groups (Tyr, 

Trp) [260–262] (Figure 14). Through chemical reactions of N-Hydroxysuccinimide 

(NHS), carbodiimides, maleimides and click chemistry the functional groups on the cap-

sid surface can be modified [260,262]. For example, the carboxylic acid groups on CPMV  

have been activated by the carbodiimide method using 1-ethyl-3-(3 dimethyl aminopro-

pyl) carbodiimide hydrochloride (EDC) and NHS to conjugate DOX, becoming a more 

effective cytotoxic agent against HeLa cells than free DOX [211]. Another example of the 
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carbodiimide coupling method is the conjugation of folic acid to hibiscus chlorotic ring-

spot virus (HCRSV) to selectively increase DOX uptake and cytotoxicity in OVCAR-3 

ovarian cancer cells [263]. When the functional groups are inert, alternative methods 

such as click chemistry can be used to set up the chemical conjugation reaction [261,262]. 

A combination of NHS, EDC and diazo coupling reactions in association with click 

chemistry was used to modify N-terminus, glutamic acid/aspartic acid residues and ty-

rosine in tobacco mild green mosaic virus (TMGMV) [264]. Functional groups such as 

azide, alkyne, aldehyde, hydrazide or alkoxyamine are of great interest for click chem-

istry reactions [265,266]. The Cu(I)-catalyzed functional group reaction, termed as Cu(I)-

catalyzed azide-alkyne cycloaddition (CuAAC), and that catalyzed by diazonium salts 

are widely used for highly efficient bioconjugation. [267]. The use of these methods to 

modulate the surface properties of TMV has been successfully used to construct new 

materials [267–269]. For example, TMV-based hydrogels based on dual diazonium rea-

gents could be used to encapsulate small molecules and promote their sustained release. 

Using the CuAAC technique, the exterior or interior of the rod-shaped TMV can conju-

gate paramagnetic Gd to form TMV-based MRI contrast agents that can increase imag-

ing performance [270]. 
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Figure 14. Some examples of the chemical conjugation strategies with which pVNPs/VLPs can be func-

tionalized. Bioconjugation of lysine using N-hydroxysuccinimide ester (NHS); functionalization of cyste-

ine with maleimide; Carbodiimide (EDC) mediated direct conjugation  of Asp/Glu carboxylates groups; 

tyrosine-diazonium coupling and copper-catalyzed azide alkyne cycloaddition [271]. 

 

1.5.3 Plant VNPs and VLPs loading 

Viruses with their particular shape and size have all the requisites to be considered nat-

ural "nano-cages" and to be used to entrap small molecules. Several studies have ex-

plained the ways in which the formation of the viral capsid takes place, demonstrating 

that, in addition to the presence of RNA, other factors such as pH and the presence of 

divalent ions play a fundamental role in the virion assembly process [272,273]. The tech-

niques mostly used to introduce the substances of interest into the viral cavity are infu-

sion and caging (Figure 15). By increasing or reducing the pH and the concentration of 

Ca2+ and Mg2+ ions it is therefore possible to induce conformational changes in the 

quaternary structure of the virus and thus regulate its assembly. The method required 
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to obtain a reversible swelling of TBSV was described by Krüse et al. [274] and relies on 

chelation and then addition of divalent cations to cause opening and then the closing of 

pores on the virus capsid. This method was used to load TBSV virions with ethidium 

bromide [275] and a similar strategy was used by Loo et al. [276] as well as by Lockney 

et al. [260] to load the chemotherapy drug doxorubicin into necrotic mosaic virus parti-

cles of red clover necrotic mosaic virus (RCNMV, Tombusviridae). The same technique 

was used to load doxorubicin into distantly related CMV particles [212]. This strategy 

can be used not only in the nanomedicine but also in the agronomy field, Cao et al. [277] 

exploit the high soil mobility of RCNMV to load the nematicide Abamectin inside the 

viral particles. Abamectin-loaded RCNMV have been observed to have the same bioa-

vailability as the free form, but with better soil mobility, making it more effective at 

protecting crop roots from nematode infection. In some cases, the infusion does not even 

require swelling of the viral particles to allow entry of the cargo; the nucleic acid content 

of the virions can be used as an electrostatic sponge to attract and hold a positively 

charged cargo. This is the strategy that was used by Yildiz et al. [246] as well as by Wen 

et al. [278] to load CPMV particles with imaging agents and therapeutic molecules. The 

caging strategy is based on the assembly of viral particles around the cargo, either in 

vivo or after disassembling the virions in vitro. The conditions required to disassemble 

the virus particles have been described by Adolph [279] and are based on changes in the 

pH and ionic strength of the solution in which the particles are incubated. The reversi-

bility of the process allows the disassembly-reassembly mechanism to be used to remove 

the native nucleic acid from the particles and replace it with the cargo of interest [280]. 

For example, CCMV particles were used as gene therapy candidates; the native viral 

RNA was removed after disassembly of the virions, and the capsid dimers were subse-

quently reassembled around the mammalian Sindbis virus heterologous RNA [281]. The 

authors demonstrated, as a proof-of-concept, that heterologous RNA was released and 

expressed in mammalian cells after transfection with the chimeric virus particles. 

Comellas and colleagues disassembled CCMV virions and reassembled them around an 

individual horseradish peroxidase molecules to investigate single-enzyme processes by 
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adding the substrate, demonstrating that this virus capsid is permeable for both the sub-

strate and the product [282]. Sanchez also used a similar method for the encapsulation 

of bacterial cytochrome p450 within CCMV VLPs. These VLPs were enzymatically func-

tional and could transform tamoxifen and resveratrol prodrugs into active cytotoxic 

forms, an important result for any implications in targeted drug delivery [283]. 

 

 

 

Figure 15. Small molecule trapping strategies in pVNPs. The infusion strategy involves the reversible 

swelling of viral particles which allows entry of the cargo, viral RNA is not lost and may aid loading 

efficiency. Caging is the most used strategy with VLPs, after the disassembly phase, in which RNA is lost, 

the viral components are reassembled to embrace the cargo. 

 

1.6 Tomato Bushy Stunt Virus (TBSV) 

Tomato bushy stunt virus belonging to the Tombusvirus genus and the Tombusviridae 

family [284] is an icosahedral phytopathogenic virus (with a T=3 symmetry). The virus 

capsid is formed by 180 copies of the same CP (subunits) with a diameter of about 30-35 

nm (Figure 16a). The inner cavity contains a monopartite genome made of 4800 nucleo-

tides long single strand of RNA with positive polarity (+) devoid of both the methylgua-

nosine cap (m7GpppG) at the 5' and the poly(A) tail at the 3' end. The genome includes 

5 independent ORFs, which encode for 5 different proteins: p33 and p92 constitute the 
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viral replicase complex (RdRp) [285], p22 the movement protein, p19 the post-transcrip-

tional gene silencing (PTGS) inhibition protein, and p41 the CP (Figure 16b). p33 and 

p92 are directly translated from the viral genomic RNA with p92 produced by transla-

tional read-through of the p33 amber stop codon (UAG) [286]. During replication, two 

subgenomic RNAs (sgRNAs) are produced through a mechanism known as "premature 

termination" of negative polarity RNA synthesis. The resulting complementary RNA (-) 

then acts as a template for the transcription of sgRNA (+) [287]. The viral CP is expressed 

by sgRNA1, while p22 and p19 by sgRNA2, through different start codons by the leaky 

scanning process involving the 40S ribosomal subunit [288]. The tertiary structure of the 

viral CP has three specific domains: starting from the N-ter region, the positively 

charged residues 1-65, together with the β ring region (residues 67-85) and residues 86-

101 constitute the R domain (RNA binding), which resides inside the capsid and serves 

to bind the viral RNA; in the central part (residues 102-268) there is the S domain (Shell), 

consisting of a pair of anti-parallel β-sheets which form the envelope of the viral capsid; 

finally, in the C-ter part two overlapping β sheets form the P (Projection) domain which 

protrudes on the outer surface of the capsid [289,290] (Figure 16c). 
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Figure 16. Tomato bushy stunt virus TBSV. (a) Transmission electron microscope images of the virions, 

scale bar = 50 nm; (b) Schematic representation of the viral genome; ORF: "open reading frame"; RT: read-

through translation mechanism; p33K, p92K: proteins of 33 and 92 kDa, respectively, which constitute the 

viral replicase complex (RdRp); p41K, capsid protein (CP); p22K, viral movement protein; p19K, silencing 

suppressor; sgRNA, subgenomic RNA; (c,d) exemplary models of the tertiary structure of the CP with 

highlighted N-terminus/C-terminus domains and the icosahedral surface of the virion. 

 

Although the use of TBSV in the biomedical field has not yet been extensively studied, 

encouraging results suggest that TBSV is very suitable for this purpose. First, its icosa-

hedral shape makes it particularly suitable for encapsulating molecules of pharmaco-

logical interest. Furthermore, the C-ter domain of the viral CP is outwardly projected 

and can be exploited for the exposure of target antigens or peptides. In a first study a 13 

amino acid peptide derived from the V3 loop of human immunodeficiency virus (HIV-

1) glycoprotein 120 (gp120) was attached as a C-terminal gene fusion to the CP of TBSV. 

The HIV epitope was detected on the surface of the virus capsid by a V3-specific mono-

clonal antibody and human sera from HIV-1 positive patients, demonstrating the poten-

tial of using TBSV chimeric particles for diagnostic purposes. The chimeric virus also 
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induced a specific immune response to the HIV foreign epitope when administered to 

mice [291]. Following the same principle an epitope of 16 amino acids from the ricin A-

chain was exposed on TBSV VLPs demonstrating that TBSV-RTA16 particles are capable 

of eliciting a strong immune response against the ricin epitope when injected into 

BALB/c [292]. Grasso and colleagues were able to fuse 50 amino acids (i.e. general tags) 

to the TBSV CP without affecting either the assembly or the infectivity of the virus, 

demonstrating its ability in supporting long epitopes fusion for further applications; 

they subsequently introduced ethidium bromide molecules, through infusion strategy, 

into the chimeric particles produced and assembled in plants, assessing its feasibility in 

loading cargos [275]. In another work it was demonstrated that DBA/1 mice immunized 

with TBSV particles displaying immunodominant peptides (pFADK2 or pLIP1, specific 

for rheumatoid arthritis) can achieve complete remission of arthritis signs even if pVNPs 

are released after disease onset [293]. TBSV particles also possess intrinsic biosafety, in 

fact in vitro toxicity studies and in vivo biodistribution studies demonstrate that the virus 

is neither toxic nor teratogenic [215,294]. Through in vitro haemolysis tests the authors 

demonstrated that TBSV, even at high concentrations, has no effect on the integrity of 

erythrocytes. Furthermore, they used a chicken embryo assay to evaluate the effect of 

TBSV NPs on embryo development/survival compared with that induced by retinoic 

acid and carbon NPs, assessing that TBSV is neither toxic nor teratogenic [294]. In the 

biodistribution study [215], mice intravenously injected by tail vein with different doses 

of TBSV NPs did not show any symptoms of systemic toxicity (weight loss, organs his-

tology). Moreover, this work analyzed in depth interaction of TBSV NPs with tissue/or-

gans, demonstrating that TBSV particles still remain in the bloodstream up to the sev-

enth day after inoculation, and in the liver, it localizes in hepatic macrophages, or 

Kuppfer cells. Finally, in the spleen, the TBSV was found to be present exclusively in the 

outermost part of the organ, or red pulp. These findings paved the way for the studies 

performed in this thesis and further clinical applications. 

Overall, data highlight the great versatility of the TBSV virus, a real "nano-object", safe 

and with a triple aptitude, for the exposure of antigens or peptides for targeting, for the 
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transport of drugs and, even if not yet fully demonstrated, as an in vivo imaging system 

(Figure 17). 

 

 

Figure 17. Schematic representation of the different strategies used in this thesis to modify the TBSV NPs. 

Genetic engineering for the fusion of tumor targeting peptides (PEP) on the viral surface; infusion to in-

troduce the chemotherapeutic agent DOX into the viral particles; chemical conjugation to bind fluorescent 

molecules to the virus surface through the reaction between maleimide and thiol groups exposed on the 

viral surface. 

 

 

 

References are listed in Appendix I 

Figures have been Created with BioRender.com  
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2. AIMS AND SCOPE 

 

SHH-MB is a highly aggressive brain cancer that predominantly affects children. The 

conventional treatments include surgery, radiation therapy, and chemotherapy. The use 

of radiation therapy can lead to long-term complications such as cognitive impairment 

and growth problems, while chemotherapy has a number of toxic side effects that can 

be particularly harmful to children. Therefore, there is an urgent need for developing 

new therapeutic strategies that can enhance the efficacy of treatment while minimizing 

the undesirable side effects. NP-based drug delivery systems represent a promising ap-

proach to achieve this goal. In last years, nanotechnology has revolutionized the field of 

medicine by providing innovative platforms for developing targeted drug delivery sys-

tems. Nanoparticles offer numerous advantages such as nanometric size, selective tar-

geting, and high drug-loading capacity, which make them attractive candidates for drug 

delivery. In particular, pVNPs have emerged as a promising strategy for developing 

NP-based drug delivery systems. pVNPs offer several advantages over other types of 

NPs, such as their biocompatibility, easy production in plant and the possibility to be 

engineered using different strategies. 

This PhD thesis has been developed as part of the NANOCROSS project (Plant virus 

nanoparticles for blood-brain barrier crossing and medulloblastoma targeting) funded 

by the Italian Foundation for Cancer Research (AIRC). With a nanotechnological ap-

proach, the project aims to develop a targeted drug delivery platform, based on the use 

of pVNPs, for the treatment of SHH-MB. The candidate virus we have chosen to develop 

this innovative targeted drug delivery platform is the TBSV. Thanks to its nanometric 

size, spherical shape and unique physical and chemical characteristics, TBSV is ex-

tremely versatile as it can support different types of genetic, chemical and physical mod-

ifications by which the particle can be engineered into a specific tumor targeting and 

drug delivery system. After selecting a series of tumor targeting peptides, these were 

genetically fused to the viral surface, in order to provide TBSV NPs with tumor specific 
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targeting ability. For the large-scale production of TBSV NPs we exploited Nicotiana ben-

thamiana plant as a biofactory, following the concept of plant molecular farming. After 

the extraction and purification procedures, TBSV NPs were further engineered by intro-

ducing a well-characterized chemotherapeutic agent, doxorubicin, into the virus. Chi-

meric particles loaded with doxorubicin were then tested on primary murine MB cells, 

ex vivo, and subsequently in vivo on a MB mouse model. 

 

Data obtained in this Thesis allowed the production of three peer-reviewed manuscripts, 

described in the following sections, one for each paper, with a brief introduction pro-

vided at the beginning of each chapter.   
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3. TOMATO BUSHY STUNT VIRUS NANOPARTICLES AS A PLAT-

FORM FOR DRUG DELIVERY TO SHH-DEPENDENT MEDULLO-

BLASTOMA  

Adapted from: Int J Mol Sci. 2021 Sep 29;22(19):10523. doi: 10.3390/ijms221910523. 

Chiara Lico, Barbara Tanno, Luca Marchetti, Flavia Novelli, Paola Giardullo, Caterina Arcangeli, Simo-

netta Pazzaglia, Maurizio S Podda, Luca Santi, Roberta Bernini, Selene Baschieri , Mariateresa Mancuso. 

 

3.1 INTRODUCTION 

In this chapter, the use TBSV as a novel candidate for targeted drug delivery to the mu-

rine Shh-MB brain tumor was evaluated. Usually, TBSV particles lack the innate ability 

to target tumor specifically but can acquire it if the viral surface is functionalized with 

peptides or ligands that selectively target tumor cells. To this end, the starting point of 

this work was to select a series of peptides, known in the literature to bind receptors 

overexpressed in tumor cells, in order to use them to generate cTBSV NPs with the mod-

ified surface that we subsequently produced in Nicotiana benthamiana plants. To evaluate 

the targeting efficiency and cellular uptake of modified TBSV NPs, we set up in vitro 

experiments with primary MB cells, our main target. Furthermore, having available pro-

tocols for the culture, maintenance and induction of cell differentiation, the in vitro eval-

uation was also conducted with GCPs (cells which in case of aberrant activation of the 

Shh pathway give rise to MB) and with the same cells artificially induced to differentiate 

into neuronal cells. Subsequently, we used docking and molecular dynamics simula-

tions to evaluate the binding interaction between the selected peptides and their recep-

tors, both in their free form and when fused to the viral particle. To complete the devel-

opment of the TBSV-based targeting and delivery platform, we exploited the chemical-

physical characteristics of the viral capsid as a "nano-cage" to trap molecules DOX (a 

known chemotherapeutic agent widely used to treat tumors) and subsequently tested 

the in vitro delivery efficacy of loaded TBSV NPs with MB cells. The last phase of this 

experimental part concerns the in vivo evaluation of the targeting specificity of the TBSV-

modified NPs. In this regard, TBSV NPs functionalized with peptides, but not loaded 
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with DOX, were administered intravenously by tail vein in symptomatic Ptch1+/- MB 

knockout mice. Twenty-four hours after inoculation, target tissues were harvested and 

analyzed by Real Time (RT)-qPCR to quantify the amount of particles that have reached 

the tumor. 
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3.2 MATERIALS AND METHODS 

 

3.2.1 TBSV genetic engineering, production in plants, purification and 

characterization 

In order to construct the cTBSV NPs, the sequences encoding tumor targeting peptides 

were inserted in the TBSV-vector at the 3’-end of the p41 gene, encoding the C-terminus 

of the CP [1]. The vector was digested ApaI/PacI (New England Biolabs, Ipswich, MA, 

USA) and ligated with DNA fragments with compatible protruding ends obtained by 

the in vitro annealing of synthetic oligonucleotides couples encoding the peptides (Table 

1). The oligonucleotides were designed using preferential N. benthamiana codon usage. 

To obtain infectious RNA transcripts, all the vectors (pTBSV, pTBSV-RGD, pTBSV-

RiGiD, pTBSV-ApoE, pTBSV-CooP, and pTBSV-tLyp1) were linearized by XmaI diges-

tion and in vitro transcribed using the MEGAscript T7 High Yield Transcription kit 

(Thermo Fischer Scientific, Rodano, MI). Each RNA was used to inoculate six to eight 

weeks old N. benthamiana plants, grown under controlled conditions (24 °C, 16 hrs 

light/8 h dark) in a containment greenhouse, by abrading the adaxial side of 2 

leaves/plant with carborundum (silicon carbide; VWR International, Radnor, PA). Two 

cycles of reinfections were performed using saps from infected leaves prepared by ho-

mogenizing the systemic tissue of an infected plant in 1xPBS. After each cycle of infec-

tion, the onset of symptoms was monitored, the RNA was extracted from symptomatic 

systemic leaves with the RNeasy plant mini kit (QIAGEN, Hilden, Germany) following 

manufacturer’s instructions, and the RT-PCR was performed using the QuantiTect Re-

verse Transcription Kit (QIAGEN), with specific primers up- and downstream the TBSV 

CP gene 3’ end (Table 1). Finally, the obtained PCR fragment was analysed by sequenc-

ing (BMR Genomics, Padova, Italy). TBSV particles were purified following a previously 

developed protocol [1]. Briefly, infected leaves were collected and ground to a fine pow-

der. After plant material homogenization with 3 ml/g of 50 mM sodium acetate, pH 5.3, 

supplemented with 1 % ascorbic acid and a cocktail of protease inhibitors (Sigma), the 
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extract was clarified by low-speed centrifugation (8,000g for 15 min at 4°C). After ad-

justing the pH to 5.3, the supernatant was ultra-centrifuged for 1 h at 90,000g at 4 °C. 

The obtained pellet was finally resuspended in 50 mM sodium acetate, pH 5.3. 

 

Table 1. List of the oligonucleotides used for peptides cloning, molecular screening and PCR/RT-qPCR 

analysis. 

 

Name 5' --> 3' Sequence 

5’tLyp1 CGGAGGTTGTGGAAATAAGAGAACTAGGTGAGAGCTCTTAAT 

3’tLyp1 TAAGAGCTCTCACCTAGTTCTCTTATTTCCACAACCTCCGGGCC 

5’CooP  CGGAGGTTGTGGTCTTTCTGGATTGGGAGTTGCTTGAGAGCTCTTAAT 

3’CooP  TAAGAGCTCTCAAGCAACTCCCAATCCAGAAAGACCACAACCTCCGGGCC 

5’RiGiD CGGAGGTGGGCCCGGAGGAGGTGCTAGAGGAGA-

TAAGGGTCCTGGTGCTAGGGGTGACAAATGAGAGCTCTTAAT 

3’RiGiD TAAGAGCTCTCATTTGTCACCCCTAGCACCAGGACCCTTATCTCCTCTAGCAC-

CTCCTCCGGGCCCACCTCCGGGCC 

5’ApoE CGGAGGTCTTAGAAAGTTGAGGAAAAGATTGCTTCTCAGGAAGTTAAGGAAAC-

GACTTCTGTGAGAGCTCTTAAT 

3’ApoE TAAGAGCTCTCACAGAAGTCGTTTCCTTAACTTCCTGAGAAGCAATCTTTTCCTCAACTTTCTAAG 

ACCTCCGGGCC 

5’RGD CGGAGGTAGAGGAGATTGATTAAT 

3’RGD TAATCAATCTCCTCTACCTCCGGGCC 

TBSV-For TGACATTTCGTGCAACTGG 

TBSV-Rev AAGATCCAAGGACTCTGTGC 

qTBSV-For CGGTTGCAGTCACCAGACAA 

qTBSV-Rev CCCAGACGTCCTGCCAGTA 

qGADPH-For CATGGCCTTCCGTGTTCCTA 

qGADPH-Rev GCGGCACGTCAGATCCA 

q -ACTIN-For CACAGCTTCTTTGCAGCTCCTT 

q -ACTIN-Rev CGTCATCCATGGCGAACTG 

qRlp13a-For CTGCTCTCAAGGTTGTTCGGCT 

qRlp13a-Rev CCTTCCGTTTCTCCTCCAGAGT 

qRlp32-For TGTGCAACAAATCTTACTGTGCT 

qRlp32-Rev TGCACACAAGCCATCTACTCA 

qTBP-For GAAGAACAATCCAGACTAGCAGCA 

qTBP-Rev CCTTATAGGGGAACTTCACATCACAG 

 

 

 



 

52 

 

3.2.2 Mouse model  

A colony of mice lacking one Ptch1 allele (Ptch1+/–), derived by gene targeting of 129/Sv 

ES cells and maintained on the CD1 strain background, is continuously maintained in 

the ENEA Casaccia (Rome, Italy) animal facility by crossing Ptch1+/– heterozygous males 

with CD1-wild-type females and viceversa, and genotyped as previously described [2]. 

Animals are housed under conventional conditions with food and water available ad 

libitum and a 12-hours light-dark cycle, thus observed daily upon unequivocal appear-

ance of full-blownsymptomatic MB (severe weight loss, paralysis, ruffling of fur, inac-

tivity).  

 

3.2.3 Primary cell cultures and TBSV NPs internalization 

After tumor dissection, dissociated cells were maintained in complete medium Ultra-

CULTURE™ cell culturing medium (Lonza BioWhittaker Inc.) supplemented with 

2 mM L-glutamine (Lonza BioWhittaker Inc.), 1% Penicillin-Streptomycin (Life Technol-

ogies), SAG dihydrochloride (Sigma Aldrich) and 20% fetal bovine serum (Euroclone).  

Granule Cell Precursors were purified from Ptch1+/– mouse cerebella at postnatal day 2 

(P2) as previously described [3] and maintained in culture in DMEM/F12 (Gibco) sup-

plemented with 0.6% glucose (Sigma), 25 μg/ml insulin (Sigma), 60 μg/ml N-acetyl-l-

cystein (Sigma), 2 μg/ml heparin (Sigma), 20 ng/ml EGF (PeproTech, Inc.), 20 ng/ml 

bFGF (PeproTech, Inc.), 1X penicillin-streptomycin and B27 supplement without vita-

min A (Gibco). To induce differentiation, GCPs were seeded in DMEM/F12 with N2 

supplement (Gibco) and 2 μg/ml heparin, 0.6% glucose, 60 μg/ml N-acetyl-l-cysteine, 

containing 1% Calf Serum (Euroclone) and PDGF 10 ng/ml (PeproTech, Inc.) for 7 days.  

MB cells were seeded at the density of 50000 cells/cm2. Twenty-four hours later, they 

were incubated with the NPs at the concentration of 6.6 ng/µl for 3 hours. GCPs and 

differentiated GCPs were seeded at the density of 20000-50000 cells/cm2, respectively. 

Seven days later, both cell types were incubated with the NPs for 3 hours. To analyse 

the uptake of the functionalized TBSV by different cell lines, RNA isolation and RT-

qPCR were performed as below described.  
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3.2.4 RNA Isolation and Real Time qPCR analysis 

RNA isolation from cells was performed with the RNeasy Mini Kit (QIAGEN). cDNA 

synthesis was performed using the High Capacity cDNA reverse transcription kit (Ap-

plied Biosystems, Foster City, CA, USA), and RT-qPCR was carried out by 

StepOnePlus™ Real-Time PCR System (Applied Biosystems), using Power SYBR® 

Green PCR Master Mix (Applied Biosystems). Relative gene expression was quantified 

using Glyceraldehyde-3-phosphate (Gadph) as house-keeping gene. Oligonucleotide pri-

mers used for RT-qPCR are listed in Table 1. The ΔΔCt quantitative method was used 

to normalize the expression of the reference gene and to calculate the relative expression 

level of the TBSV CP target gene.  

 

3.2.5 Immunofluorescence analysis 

To detect FABP3 and NRP-1, MBs, GCPs and differentiated GCPs cells were seeded on 

Lab-Tek Flask previously treated with Poly-D-lysine (Sigma-Aldrich) and allowed to 

adhere for 16 hours. Cells were fixed with 4% paraformaldehyde for 15 minutes at RT, 

permeabilized with 1xPBS, 0.1% triton X-100 for 2 minutes on ice and incubated in 1xPBS 

5% bovine serum albumin (BSA). Cells were incubated overnight with anti-NRP-1 

(monoclonal 1:300; Abcam) and anti-FABP3 (H-FABP; polyclonal 1:100; Abcam), and 

subsequently with the secondary antibody Alexa Fluor 488 (1:1000; Invitrogen), and 

DAPI (1:1000; Thermo Fisher). Images were acquired with an Eclipse 80i Fluorescence 

Microscope (Nikon), equipped with the Imaging Software NIS-Elements BR Version 3.2. 

 

3.2.6 NRP-1 and H-FABBP molecular docking and molecular dynamics simulations  

The structures of human NRP-1 (PDB id: 5IYY) [4] and FABP3/H-FABP (PDB id: 5CE) 

[5] were retrieved from RCSB Protein Data Bank and used as starting coordinates for the 

docking calculations and simulations. The structures of tLyp1 (CGNKRTR) and CooP 

(CGLSGLGVA) peptides were taken from our previous work [6]. Modeller [7] was used 

for generating the structural models of the asymmetric unit of the cTBSV in which at the 

C-terminus of each CP the tLyp1 or the CooP peptides were inserted with a GGPGG 
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linker. ClusPro protein-protein docking [8–10] and HADDOCK 2.2 [11] were used to 

obtain the receptor-peptide and receptor-ligands complexes, respectively. As positive 

controls, tuftsin (TKPR, a peptide known to bind NRP-1) and oleic acid 

(CH3(CH2)7CH=CH(CH2)7COOH, C18H34O2, the natural ligand of FABP3/H-FABP) 

were docked with their respective targets. In both docking methods standard protocols 

were used and an ensemble of ten poses was generated for each docking run. All the 

MD simulations were performed using Gromacs2019 [12] and the trajectories were vis-

ualized and analysed with VMD [13] and with tools included in Gromacs. 

 

3.2.7 Chimeric TBSV molecular docking and molecular dynamics simulations  

The structural models of the asymmetric unit of the cTBSV in which at the C-terminal of 

each CP the tLyp1/CooP peptide was inserted by means of a GGPGG linker have been 

generated by homology modeling. The template consisted of the atomic coordinates of 

TBSV (PDB id: 2TBV (A, B, C), [14,15]. The calcium ions, which are known to play an 

important role in the stability of the viral particle, were also included during the con-

struction of the models. The cTBSV models were then generated by expanding the asym-

metric unit using the 60 transformation matrices provided by VIPERdb database tools 

[26; http://viperdb.scripps.edu ]. All structural models used or homology builded or ob-

tained by docking procedure and used as starting structure for the MD simulations are 

available at GitHub link: https://github.com/mspodda/TBSV-nanoparticles-as-a-plat-

form-for-drug-delivery-to-Shh-dependent-medulloblastoma-PDB-models. The MD 

simulations were performed by using the all-atom AMBER 99sb-ildn force field [17] for 

the peptides and proteins. The force field parameters for oleic acid (OLA) ligand were 

generated using the LigPar server [18–20]. Most of the systems (tLyp1-NRP-1, tuftsin-

NRP-1, CPtLyp1-NRP-1 and CPCooP-FABP3) were placed in a dodecahedric box, 

whereas the remaining systems (CooP-FABP3 and OLA-FABP3) were placed in a cubic 

box and filled with TIP3P water model [21]. All the systems were neutralized using NaCl 

at the physiological concentration of 150 mM. Periodic boundary conditions were ap-

plied to avoid edge effects. The systems were energy minimized by steepest descent 

https://github.com/mspodda/TBSV-nanoparticles-as-a-platform-for-drug-delivery-to-Shh-dependent-medulloblastoma-PDB-models
https://github.com/mspodda/TBSV-nanoparticles-as-a-platform-for-drug-delivery-to-Shh-dependent-medulloblastoma-PDB-models
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(SD) [22], heated and equilibrated for 400 ps. MD simulations were carried out in the 

NPT ensemble for 100 ns, each step of 2 fs. The v-rescale algorithm [23] was used to keep 

the temperature at 310 K (tt=0.1 ps). The average pressure was kept at 1 bar (tp=2 ps) by 

us-ing the isotropic Parrinello-Rahman barostat [24]. The particle mesh Ewald (PME) 

method was used to compute the long-range electrostatics and Van der Waals interac-

tions with a cut-off of 1 nm. An equal cut-off was used for short-range electrostatics and 

Van der Waals interactions. Rotation and translational motions of systems were re-

moved, and all bonds were constrained with the LINCS algorithm [25]. Initial velocities 

were assigned according to Maxwell-Boltzmann distribution. Cluster analysis was per-

formed with the standard gromos-clustering algorithm [26]. The method counts the 

number of neighbours for each structure using a root mean square displacement (rmsd) 

cutoff distance (<0.15 nm) and assigns the structure with the largest number of neigh-

bours along with all its neighbours to a cluster. Once assigned to a cluster, the structures 

are discharged from the pool of structures. The procedure is repeated until the exhaus-

tion of all the structures. Hydrogen bond (H-bond) analyses were performed using 

VMD. An H-bond was assumed to exist during the simulation if the donor to acceptor 

distance was shorter than 0.35 nm and the hydrogen-donor-acceptor distance was 

shorter than 30°. Absolute binding free energies were evaluated through the MM/PBSA 

(molecular mechanics/Poisson-Boltzmann solvent accessible surface area) method by 

using the g mmpbsa tool of GROMACS [27,28]. The average free energies of solvation 

(ΔGbinding) between the residues of the active site of the receptors and the tLyp1 and 

CooP peptides (both in their free version or as fusion to the viral CP) were calculated for 

four different temporal windows: 0-25 ns, 25-50 ns 50–75 ns and 75-100 ns. 

 

 

 

3.2.8 Transmission Electron Microscopy 

NPs morphology was characterized by transmission electron microscopy (TEM). For 

TEM images, samples were fixed using 4% paraformaldehyde (PFA) in 1xPBS, then 
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placed on formvar-carbon coated copper grids, washed, and negatively stained with 2% 

uranyl acetate. Samples were observed at a JEOL 1200 EX II electron microscope, and 

images acquired by the Olympus SIS VELETA CCD camera equipped with the iTEM 

software. To calculate virions diameter, micrographs were analyzed using scientific im-

age manipulation software ImageJ (National Institutes of Health, USA). TEM analysis 

was performed by the Electron Microscopy Lab, Centro Grandi Attrezzature, (CGA) 

University of Tuscia, Viterbo. 

 

3.2.9 Dynamic light scattering and ζ-potential analyses  

Particles size, ζ-potential and the polydispersity index of NPs were determined by Dy-

namic Light Scattering (DLS) and Electrophoretic Light Scattering (ELS) using a 

Zetasizer Nano ZS instrument (Malvern-Panalytical) and the Malvern Zetasizer soft-

ware for data analysis. ζ-potential was calculated using the Mixed Mode Measurement 

Phase Analysis Light Scattering (M3-PALS) technique (Malvern-Panalytical). Twenty µl 

of a 2 µg/µl viral nanoparticles solution was diluted in a Folded Capillary Zeta Cell (for 

ELS) and in a 12 mm Square Polystyrene Cuvettes (for DLS) to a final volume of 800 µL 

using a physiological solution (0.9% NaCl). Data were collected at 25°C for 120 s (for 

DLS) and 180 s (for ELS), in triplicate. The data reported represent the size by intensity, 

as diameter of the peaks. All the analyses were performed by IXTAL srl, Novara, Italy. 

 

3.2.10 Production of DOX loaded TBSV NPs 

Approximately 2 mg/ml of purified TBSV NPs were incubated in swelling buffer (0.1 M 

Trizma base, 50 mM EDTA, pH 8.0) for 1 hour at RT in agitation. A 5000 molar excess of 

DOX (0.324 µg DOX/µg virus) was then added and incubated overnight at 4 °C on a 

bench-top tube rotator. Samples were then incubated in association buffer (0.2 M Na 

Acetate, 25 mM CaCl2, 25 mM MgCl2, pH 5.2) for 1 hour in agitation at RT to reassemble 

the virus cages. DOX excess was removed by overlaying the preparation onto a 20% 

sucrose cushion ultracentrifuged at 100000xg for 1 hour at 4 °C in a swing-out rotor. 

Pellets were resuspended overnight in association buffer and stored at 4 °C. To confirm 
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the association of DOX to TBSV, about 10 µg of the NPs were separated on a native 0.8% 

TBE agarose gel and visualized under UV and white light, before and after Coomassie 

Blue staining. Finally, TBSV-DOX NPs were analysed by a UV/VIS spectrophotometer 

(Shimadzu UV-2600) at 485 nm to determine the number of DOX molecules loaded/vi-

rion. A DOX calibration curve was generated and the Lambert-Beer law used to deter-

mine the concentration of DOX associated to NPs [29]. The drug encapsulation efficiency 

(EE) and loading capacity (LC) of DOX in NPs were also determined according to the 

formula: 

EE(%) = Amount of DOX in the NPs/total amount of DOX added (×100%)  

LC(%) = Amount of DOX in the NPs/NPs weight (×100%)  

 

3.2.11 Cell viability assay 

Cell viability was measured using the RealTime-Glo™ MT Cell Viability Assay 

(Promega, Milan, Italy). MB cells (5000 cells/well) were plated in a 96-well plate accord-

ing to the manufacturer’s instructions. DOX-cTBSV concentrations were adjusted to 

maintain constant DOX concentration (ranging from 5 µM to 25 µM) and luminescence 

was measured every 24 hours using the plate-reader GloMax (Promega) up to 72 hours.  

 

3.2.12 Absolute quantification of chimeric TBSV in target tissues after intravenous 

injection 

Mice with clear MB symptoms (4 females and 5 males) were injected i.v. by tail vein with 

200 µg of purified TBSV-CooP, TBSV-tLyp1 or TBSV-WT. Twenty-four hours later the 

animals were euthanized, brains explanted and MB isolated from normally appearing 

brain tissue (NB). MB and NB were weighted, and cells counted after proteolytic disso-

ciation with Accutase (Euroclone, Milan, Italy). Total RNA was extracted from approx-

imately 30 mg of MB or NB homogenized with gentleMACS™ Octo Dissociator (Mil-

tenyi Biotec, Bergisch Gladbach, Germany).  
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Total RNA (1 µg) was reverse transcribed and used to quantify the number of viral RNA 

genome copies through RT-qPCR. Reactions were performed in triplicate from each bi-

ological replicate and normalization based on 5 housekeeping genes, i.e., Gadph, β-Actin, 

TATA box binding protein (TBP), ribosomal protein L13A and 32 (RPL13a and RPL32). Oli-

gonucleotides used are summarized in Table 1. The absolute quantification of the viral 

RNA in each sample was performed by means of Absolute Quantification Method using 

a standard curve based on TBSV RNA. Knowing the molecular mass of the TBSV ge-

nome, the obtained value was converted in number of copies of viral genome (i.e., num-

ber of particles) and then in number of viral particles/1x106 cells. 

 

3.2.13 Statistical Analysis 

All quantitative data were presented as mean ± SD and statistical significance (p) was 

calculated by two-tailed Student’s t-test. All analyses were carried out using GraphPad 

Software. 
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3.3 RESULTS 

 

3.3.1 Construction, production and purification of WT and chimeric TBSV NPs   

cTBSV NPs were constructed by engineering the viral genome to display on their surface 

tumor targeting peptides as fusion to the C-terminus of the CP. The peptide RGD, in 

single or double copy (RiGiD), found in the sequences of extracellular matrix proteins, 

was selected because able to bind to integrins, a family of transmembrane receptors 

overexpressed also on different types of tumor cells, and cTBSV carrying this peptide 

was used as positive control [30]. The tLyp peptide is a linear truncated version of the 

cyclic peptide Lyp1, identified by the in vivo selection of a phage display peptide library, 

that through a C-terminal C-end rule motif (CendR) binds to neuropilin (NRP), overex-

pressed in angiogenic tumors, and activates cell internalization [31]. The CooP peptide 

is a glioblastoma homing peptide identified, like Lyp-1, by the in vivo selection of a 

phage display peptide library, whose interacting partner has been identified primarily 

to be the mammary-derived growth inhibitor (MDGI/FABP3/H-FABP) [32]. Finally, the 

ApoE peptide is derived from Apoliprotein E, one of the major protein involved in lipid 

metabolism, that mediates the interaction with low-density lipoprotein receptor-related 

proteins overexpressed in the brain and in tumors herein [33] (Table 2).  

 

Table 2. List of the peptides fused to the TBSV CP 

 

Peptide Name Peptide Sequence 

RGD GGPGG-RGD 

RiGiD GGPGG-ARGDK-GPG-ARGDK- 

CooP GGPGG-CGLSGLGVA 

tLyp1 GGPGG-CGNKRTR 

ApoE GGPGG- LRKLRKRLLLRKLRKRLL 

The linker sequence is highlighted in italic; the spacer sequence is in bold. 
 

A GGPGG linker was inserted between the CP and the peptide to avoid possible steric 

hindrance during CP folding and/or CP-CP interaction instrumental for virus particle 

assembly (Figure 1A-D), and at the same time to obtain a higher degree of flexibility, 
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thus increasing the chance of proper interaction with cell surface receptors. A GPG 

spacer was also inserted between the two copies of RGD in the RiGiD chimera. All the 

RNA transcripts obtained from the different viral constructs (TBSV-WT, -RGD, -RiGiD, 

-ApoE, -CooP, -tLyp1) were used to infect N. benthamiana plants and demonstrated able 

to induce on leaves the onset of typical infection symptoms (chlorotic vein clearing) (Fig-

ure 1E and F). Ten to eleven d.p.i. plant tissues were harvested, RNA extracted, re-

trotranscribed and cDNA fragments sequenced, confirming the presence of the heterol-

ogous sequences. Total protein extracts, containing cTBSV, were also obtained and used 

to infect a second set of plants, allowing to verify the genetic stability of the chimeric 

viruses through subsequent infection cycles. On this basis, all the constructs were then 

used to produce the cTBSV on large scale. Particles were purified with an average yield 

of 1 mg/g of fresh leaves tissue weight. No substantial differences in recovery were ob-

served among WT and cTBSV, indicating that the genetic modifications did not affect 

viral fitness and in planta behaviour. Each batch of purified virus particles analysed by 

Coomassie Blue staining after SDS-PAGE confirmed the presence in all samples of the 

viral CP (both as a monomer or as dimer/aggregate) and purity of each preparation (Fig-

ure 1G). 
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Figure 1. Schematic representation of TBSV cDNA constructs and TBSV NPs characterization. (A) Viral 

genome organization in the TBSV–vector plasmid. The 5 ORFs and the respective encoded proteins with 

their molecular masses (in kDa) are represented as boxes: p33 and p92 (RNA-dependent RNA polymer-

ase), p41 (CP), p22 (movement protein), p19 (silencing inhibitor). T7, promoter sequence from T7 phage; 

Nos, terminator sequence from the Agrobacterium tumefaciens nopaline synthase gene. The XmaI re-

striction site used for vector linearization is also indicated. (B) Sequence detail of the CP 3’ region in the 

TBSV–vector. The underlined sequences represent the restriction enzyme sites used to clone the heterol-

ogous sequences. (C, D) Schematic representation of single or double peptides coding sequences fused to 

the viral CP. As simplification, only the 3’ region of the CP gene is illustrated. Striped box, GGPGG linker 

coding sequence; dotted box, GPG spacer coding sequence. (E) Adult N. benthamiana plant. (F) Typical 

TBSV symptoms (mainly chlorotic spots and vein clearing) induced at 7 d.p.i. (G) Coomassie Blue stained 

SDS-PAGE of TBSV NPs (5 µg/lane) purified from infected N. benthamiana plants. M: Precision Plus Pro-

tein Dual Xtra Prestained Protein Standard (Bio-Rad); 1: TBSV-WT; 2: TBSV-RGD; 3: TBSV-CooP; 4: TBSV-

tLyp1; 5: TBSV-ApoE; 6: TBSV-RiGiD. The molecular masses of the marker bands are indicated. The arrow 

indicates the CP. 
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3.3.2 In vitro validation of chimeric TBSV uptake 

Shh-MBs cells were isolated from Ptch1+/- mice and maintained in culture in the appro-

priate medium. Subsequently, the cells were incubated for 3 hours with cTBSV, or TBSV-

WT as control, to be then collected and used to extract RNA and verify the presence of 

the viral genome by RT-qPCR. All cTBSV were internalized by MB cells more efficiently 

than the WT virus. Data based on RT-qPCR analysis revealed that the uptake of TBSV-

RGD, -RiGiD, -ApoE, -tLyp1 and -CooP was 69, 37, 40, 99 or 123 times the uptake of 

TBSV-WT, respectively (Figure 2A). Moreover, referring the internalization of the cTBSV 

NPs to TBSV-RGD (a well characterized tumor-targeting peptide) [30], it was observed 

that the uptake of TBSV-tLyp1 and -CooP was increased of 1.43 and 1.78 times, respec-

tively, while the internalization efficiency of TBSV-RiGiD and -ApoE was reduced (0.54 

and 0.59 times respectively). On this basis, the subsequent functional characterization 

studies were carried out only on TBSV-tLyp1 and TBSV-CooP. 

GCPs are the highly proliferating and undifferentiated cells residing in the external 

granular layer of the cerebellum during its postnatal development, from which MB 

arises [34]. After isolation and purification from Ptch1+/- mouse cerebella at P2, GCPs 

were incubated with TBSV-WT, -RGD, -tLyp1 or -CooP. The results of RT-qPCR analysis 

revealed that, compared to TBSV-WT, the internalization of TBSV-tLyp1 and -CooP was 

8.2 and 4.7 fold higher respectively, while the uptake of TBSV-RGD was 0.46 fold lower 

(Figure 2B, left panel). These experiments were repeated on GCPs induced to differenti-

ate, to mime the physiological process occurring during the cerebellum development 

(Figure 2B, right panel). Results showed that internalization of TBSV-tLyp1 and TBSV-

CooP was significantly reduced (2.21- and 4.69-folds lower, respectively) compared to 

the uptake by undifferentiated GPCs, although TBSV-tLyp1 was still internalized more 

efficiently than the WT virus.  
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Figure 2. TBSV NPs uptake and receptors immunolocalization. Quantification through RT-qPCR of 

cTBSV internalized by (A) Shh-MB primary cells, (B) GCPs (left panel) and differentiated GCPs (right 

panel) using primers specific for a region in the CP gene common to all cTBSV NPs. Data are presented 

as mean ± SD of biological triplicates. Values obtained with TBSV -WT were taken as 1. (C) Localization 

by immunofluorescence of tLyp1 and CooP peptides interacting partners NRP-1 and FABP3, respectively. 

NRP-1 (top line) and H-FABP (bottom line), in Shh-MB, GCPs and differentiated GCPs. Bars: 10 µm. 

****p<0.0001 (Student’s t-test).  

 

 

 

 

3.3.3 Immunolocalization of the interaction partners 
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It has been established that the interacting partners of CooP and tLyp1 peptides are the 

mammary-derived growth inhibitor (MDGI/H-FABP/FABP3) [35] and neuropilin 1 

(NRP-1) [36], respectively. To evaluate if the specific uptake of the cTBSV NPs display-

ing these peptides may be mediated by these proteins, their expression and localization 

in Shh-MB cells, GCPs and differentiated GCPs were evaluated by immunofluorescence. 

As shown in Figure 2C, MB cells and GCPs showed high expression of both NRP-1 and 

H-FABP, that conversely are not detected in differentiated GCPs. Altogether these re-

sults suggested that the specificity of the uptake of TBSV-tLyp1 and TBSV-CooP by MB 

cells and GCPs may be receptor-mediated. 

 

3.3.4 Docking and MD simulation of the tLyp1-NRP-1 and CooP-FABP3 complexes  

The possible binding mode of the tLyp1 and CooP peptides (both in their free version 

or as fusion to the viral CP) with their respective interacting receptors was investigated 

by molecular docking and MD approaches. MD simulations were employed to enlighten 

the structural changes occurring in the active binding sites and to monitor the overall 

stability of the complexes predicted by docking calculations (Table 3).  

 

Table 3 Molecular Docking Results.  

ClusPro (a) or 

HADDOCK(b) 

complexes 

Receptor Ligand 
∆G 

(kcal/mol) 

H-Bonds 

receptor ligand 

 

tLyp1 – 

NRP1(a) 
NRP-1 tLyp1 peptide -8.9 

ASP 320 ARG 5 

ASP 320 THR 6 

TYR 353 LYS 4 

CPtLyp1 – 

NRP1(a) 
NRP-1 

tLyp1 peptide 

fused to CP of TBSV 
-8.7 

TYR 297 LYS 4 

PRO 317 ARG 7 

ASP 320 ARG 5 

ASP 320 ARG 7 

GLU 319 GLY393 (L) 

TYR 322 ASN385 

ASN 323 LEU386 

tufstin – 

NRP1(a) 
NRP-1 

tufstin peptide 

(natural ligand) 
-7.0 

TYR 297 LYS 2 

TYR 297 PRO 3 

ASP 320 ARG 4 
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LYS 351 ARG 4 

CooP – 

FABP3(a) 

FABP3/ 

H-FABP 
CooP peptide -12.4 

TYR 19 GLY 7 

ALA 75 LEU 6 

GLN 95 LEU 6 

ARG 126 ALA 9 

CPCooP – 

FABP3(a) 

FABP3/ 

H-FABP 

CooP peptide 

fused to CP of TBSV 
-12.7 

ASN 59 PRO390(L) 

ALA 75 LEU 6 

OLA – 

FABP3(b) 

FABP3/ 

H-FABP 

oleic  acid 

(natural ligand) 
-9.4 

TYR 19 OLA 133 

TYR 128 OLA 133 

Note: HADDOCK tool was used to obtain the OLA-FABP3 complex, since ClusPro is not suitable for 

docking chemicals, such as oleic acid (OLA), to proteins. Binding free energies (ΔG) and hydrogen bonds 

(H-Bonds) between receptors and ligands of the best ClusPro or HADDOCK derived docked complexes 

as calculated by Prodigy webserver. 

  

As reference, the interaction mode of tuftsin with NRP-1 and of oleic acid with FABP3, 

natural binders of these receptors, were also simulated (Table 3, Figure 3 and 4). The 

clustering of the structural conformations adopted by the different complexes during 

the MD simulation showed that the natural ligands form complexes with their receptors 

for approximatively 98% of their trajectory (panels A and B of Figure 3 and 4) and that 

such stability is mainly due to the formation of persistent H-bonds (panels C of Figure 

3 and 4). 
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Figure 3. Dynamics and stability of the interaction of NRP-1 with tuftsin, the native ligand.  (A) Number 

of clusters as a function of simulation time and their occupancy throughout the trajectory of the tuftsin-

NRP1 complex. (B) Hydrogen bonds between peptide and receptor and their occupancy (%) along the 

simulation. (C) Simulation snapshots of the tuftsin-NRP1 complex, taken at selected times of the MD tra-

jectory. The residues of the receptor involved in the interaction with tuftsin are represented by licorice 

model. Tufstin is coloured in red and depicted in licorice model. The black dashed lines  show the hydro-

gen bonds. The representative structure of the most populated cluster and its percentage of occupancy 

along the trajectory is also indicated. The interaction mode of tuftsin with NRP-1 was simulated as a ref-

erence. The clustering of the structural conformations adopted by the complex during the MD simulation 

showed that the natural ligand forms a stable complex with its receptors for approximatively 99% of their 

trajectory (panels A and B) and that such stability is mainly due to the formation of persistent H-bonds 

(panels C). 
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Figure 4. Dynamics and stability of the interaction of FABP3 with oleic acid, the native ligand.  (A) 

Number of clusters as a function of simulation time and their occupancy throughout the trajectory of the 

OLA-FABP3 complex. (B) Hydrogen bonds between peptide and receptor and their occupancy (%) along 

the simulation. (C) Simulation snapshots of the OLA-FABP3 complex, taken at selected times of the MD 

trajectory. The residues of the receptor involved in the interaction with oleic acid are represented by lico-

rice model. Tufstin is coloured in green and depicted in licorice model. The black dashed lines show the 

hydrogen bonds. The representative structure of the most populated cluster and its percentage of occu-

pancy along the trajectory is also indicated. The interaction mode of OLA with FABP3 was simulated as 

a reference. The clustering of the structural conformations adopted by the complex during the MD simu-

lation showed that the natural ligand forms a stable complex w ith its receptors for approximatively 98% 

of their trajectory (panels A and B) and that such stability is mainly due to the formation of persistent H-

bonds (panels C). 

 

Concerning the tLyp1-NRP-1 complex, as shown in Figure 5A, approximatively 67% of 

the trajectory was mainly described by two of the 21 identified structural clusters. After 

72 ns of simulation, the MD trajectory indicated that several transitions among the clus-

ters occurred, suggesting that the complex was unstable. Although the hydrogen-bond-

ing pattern (Table 4) appeared rich in interactions between tLyp1 and NRP-1, only two 

H-bonds (Gly318-Arg7 and Asp320-Arg5) showed occupancy for more than 40% of the 

trajectory. After about 72 ns of the simulation, the tLyp1 peptide moved out from the 

receptor active site and the contact was maintained by the interaction of Arg7 with 
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Glu319 of NRP-1 (Figure 5B). Interestingly, when tLyp1 is fused to the CP (Figure 5C), 

the binding to NRP-1 appeared to be more stable, with several H-bonds (Table 4) con-

tributing to stabilization. After about 60 ns of simulation, some residues (Gly375 and 

Lys397) of the distal part of NRP-1 appear to interact also with Asp191 of the viral CP 

giving a further contribution to the attraction towards the cTBSV. The time evolution of 

the binding free energy (Table 5) shows that after 75 ns of simulation the interaction of 

free tLyp1 with the receptor becomes unstable (ΔG = -43.229 kJ/mol) whereas the conju-

gation of tLyp1 to the viral CP seems to enhance of two times the strength of the binding 

with NRP-1 (ΔG = -91.07 kJ/mol).  

 

 
 

Figure 5. Dynamics and stability of the interaction of tLyp1-NRP-1 and TBSV CPtLyp-NRP-1. (A) Num-

ber of clusters as a function of simulation time and their occupancy throughout the trajectory of the tLyp1-

NRP1 complex. (B) Simulation snapshots of the tLyp1-NRP1 complex, taken at selected times of the MD 

trajectory. The residues of NRP-1 involved in the interaction with tLyp1 are represented by licorice model. 

tLyp1 is coloured in red and depicted in licorice model. The representative structures of the most popu-

lated clusters and their percentage of occupancy along the trajectory are also indicated. Black dashed lines: 

hydrogen bonds. (C) Structural model of TBSV-tLyp1 in complex with NRP-1. Zoom views: simulation 

snapshot of the asymmetric unit of the cTBSV docked with NRP-1 receptor (shown in yellow and by 

Surface representation model) and simulation snapshots of the CPs of the asymmetric unit docked with 
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NRP-1 (shown by New Cartoon representation model) taken at selected times of the MD trajectory. The 

tLyp1 peptide is depicted in licorice model and coloured in red. 

 

 

Table 4 H-Bonds Analysis.  

 tLyp1  tLyp1 fused to CP of TBSV 

H-Bonds Occupancy  H-Bonds Occupancy  

NRP-1 tLyp1  NRP-1 tLyp1  

GLN 296  ARG 7  19.25 % PRO 317 ARG 7 70.94 % 

TYR 297 LYS 4 14.43 % GLY 318 ARG 5 60.16 % 

TYR 297  ARG 7 14.54 % GLU 319 ARG 5 59.22 % 

GLY 318 ARG 7 41.70 % GLU 319 ASN 3 51.88 % 

GLU 319 ARG 7 16.92 % ASP 320 ARG 7 93.93 % 

ASP 320 ASN 3 28.57 % LYS 351 ARG 7 59.55 % 

ASP 320 ARG 5 43.96 % Residues of CP of TBSV  

ARG 323 ARG 7 11.56 % GLY 375 ASP 191 30.98 % 

THR 413 ARG 5 13.74 % LYS 397 ASP 191 37.65 % 

Note: H-Bonds between peptides and receptors and their occupancy (%) along the simulation. The H-

Bonds with occupancy > 40% along the trajectory are underlined. The binding to NRP-1 by their peptides 

fused to the TBSV CP seems to be stronger compared to the free peptides as assessed by the higher H-

Bonds occupancy values. 

 

Table 5 MM/PBSA Results.  

Receptor Ligand 

 

Binding Free Energy (G, kJ/mol) 

 

0 – 25 ns 25 – 50 ns 50 – 75 ns 75 – 100 ns 

NRP-1 
tLyp1 -109.64 ±101.47 -104.56 ± 93.00 -86.60 ± 71.98 -43.23 ± 78.39 

CP-tLyp1 -3.80 ± 83.15 -74.11 ± 85.42 -86.97 ± 91.77 -91.07 ± 74.47 

Note: Binding Free Energy (ΔG) of the binding sites of receptors in complex with the free peptides and 

the peptides fused to the CP of TBSV, as predicted by MM/PBSA calculations . 

 

The dynamics of the interaction of CooP with FABP3 (Figure 6) seemed to be very stable 

and comparable with that of oleic acid (Figure 4). In particular, the interaction of Ala9 
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of CooP with Arg126 in the active site of FABP3 was maintained all over the simulation 

time (Table 6). 

The binding to FABP3 of the CooP peptide fused to the TBSV CP seems to be stronger 

compared to the free peptide despite few changes in the H-bonding pattern (Table 6). 

The values of the binding free energy (Table 7) clearly show that CooP peptide fused to 

the viral CP recognizes with almost 3-fold higher binding affinity the FABP3 receptor 

(ΔG = -377.07 kJ/mol vs ΔG = -129.30 kJ/mol).  

These results, by supporting the idea that internalization is receptor-mediated, indicate 

also that the interaction of the peptides with their receptors, CooP in particular, is 

strengthened by fusion to the viral CP. 

 
 

Figure 6. Dynamics and stability of the interaction of CooP-FABP3 and TBSV CPCooP-FABP3. (A) 

Number of clusters as a function of simulation time and their occupancy throughout the trajectory of the 

CooP-FABP3 complex. (B) Simulation snapshots of the CooP-FABP3 complex, taken at selected times of 

the MD trajectory. The residues of FABP3 involved in the interaction with CooP are represented by licorice 

model. CooP is coloured in green and depicted in licorice model. The representative structures of the most 

populated clusters and their percentage of occupancy along the trajectory are also indicated. Black dashed 

lines: hydrogen bonds. (C) Structural model of cTBSV in complex with FABP3. Zoom views: simulation 

snapshot of the asymmetric unit of the cTBSV docked with FABP3 receptor (shown in yellow and by 
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Surface representation model) and simulation snapshots of the CPs of the asymmetric unit docked with 

FABP3 (shown by New Cartoon representation model) taken at selected times of the MD trajectory. The 

CooP peptide is depicted in licorice model and coloured in green. 

 

 

Table 6 H-Bonds Analysis.  

CooP CooP fused to CP of TBSV 

H-Bonds Occupancy  H-Bonds Occupancy  

FABP3 CooP  FABP3 CooP  

TYR 19 GLY 7 90.39 % THR 53 LEU 6 46.85 % 

THR 60 GLY 2 10.49 % ARG 106 GLY 7 67.38 % 

GLN 95 GLY 7 38.99 % ARG 126 LEU 3 57.78 % 

ARG 126 ALA 9 100.00 % TYR 128 SER 4 49.94 % 

   Residues of CP of TBSV  

   LYS 52 ASP 341 46.58 % 

Note: H-Bonds between peptides and receptors and their occupancy (%) along the simulation. The H-

Bonds with occupancy > 40% along the trajectory are underlined. The binding to FABP3 by their peptides 

fused to the TBSV CP seems to be stronger compared to the free peptides as assessed by the higher H-

Bonds occupancy values. 

 

Table 7 MM/PBSA Results.  

Receptor Ligand 

 

Binding Free Energy (G, kJ/mol) 

 

0 – 25 ns 25 – 50 ns 50 – 75 ns 75 – 100 ns 

FABP3 
CooP -118.27 ± 25.75 -118.20 ± 22.96 -128.41 ± 18.41 -129.30 ± 21.66 

CP-CooP -502.9 ± 68.07 -457.36 ± 108.67 -391.34 ± 101.20 -377.07 ± 131.58 

Note: Binding Free Energy (ΔG) of the binding sites of receptors in complex with the free peptides and 

the peptides fused to the CP of TBSV, as predicted by MM/PBSA calculations . The values clearly show 

that CooP peptide fused to the viral CP recognize with almost 3 -fold higher binding affinity the FABP3 

receptor (ΔG = -377.07 kJ/mol vs ΔG = -129.30 kJ/mol). 

 

3.3.5 TBSV-tLyp1 and TBSV-CooP characterization and loading with DOX 

The size homogeneity and monodispersion of TBSV-WT, -tLyp1 and -CooP prepara-

tions were verified by TEM and Dynamic Light Scattering (DLS), before proceeding with 

DOX-loading. Measurement of the NPs on TEM micrographs rendered a mean size of 
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32 nm (Table 8), consistent with the expected dimensions of TBSV. On the other hand, 

DLS analysis indicated that the mean diameter of the NPs was higher, suggesting the 

formation of agglomerates. This hypothesis is supported by the analysis of the poly -

dispersity index that, even if below 0.7 as required by ISO standard ISO 22,412:2017 to 

define a polydisperse distribution of particles, ranged from 0.419 to 0.588 (Table 8). The 

presence of aggregates was detected in particular in the TBSV-CooP and TBSV-tLyp1 

samples and this may be due to the fact that the ζ-potential values of these NPs is closer 

to neutrality, thus less prone to repulsion (Table 8). 

 

 

Table 8. Characterization of TBSV nanoparticles in DLS/ζ-potential evaluation and DOX loading. 

NP 
Size* (d.nm)  

by TEM 

Size§ (d.nm) 

by DLS 
PDI -potential 

(mV) 

DOX molecules/ 

particle§ 

Ng DOX/ 

g virus 
  M 

EE§  

(%) 

LC§  

(%) 

TBSV-WT 32.7±1.1 50.8±18.4 0.429 -5.73 2009±73 130.2±4.7 207 38±6 12±2 

TBSV-RGD 32.7±0.9 48.5±14.2 0.489 -5.95 1911±394 136.4±21.2 155 34±1 11±1 

TBSV-CooP 32.7±0.8 68.1±17.7 0.588 -3.98 2174±326 151.9±15.9 379 47±5 15±2 

TBSV-tLyp1 32.7±0.9 66.5±18.8 0.419 -3.61 2498±749 174.1±32.1 207 54±10 17±3 

NP, nanoparticle; PDI: polydispersity index; EE, encapsulation efficiciency; LC, loading capacity.  
§The data obtained represent the mean value of 3 measurements ± SD. 

*The data obtained represent the mean value of 50 measurements ± SD. 

 

In order to “load” TBSV NPs with DOX, an ad hoc protocol was developed. Positively 

charged DOX was added in 5000 molar excess to the virus particles in swelling buffer in 

the presence of EDTA, in order to facilitate access into the viral cavity and interaction 

with negatively charged genomic RNA. Then, by restoring the initial pH conditions and 

proper Ca2+ and Mg2+ concentrations, the viral capsid was induced to re-establish the 

compact state, entrapping the drug into the shell. DOX in excess was removed from the 

samples performing a sucrose cushion passage. Electrophoresis analysis confirmed that 
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DOX migrates together with TBSV (Figure 7) and not towards the negative pole as it 

would be the case when it is free. All the TBSV NPs preparations showed a reproducib le 

loading capacity in terms of ng of DOX/µg of TBSV: 100 for TBSV-WT, 113 for TBSV-

RGD, 150 for TBSV-tLyp1 and 157 for TBSV-CooP, corresponding to 1543, 1736, 2314 

and 2424 DOX molecules/virion, respectively. Results in Table 8 show that the encapsu-

lation efficacy (EE) ranged from 31 to 48% and the loading capacity (LC) from 10 to 16%. 
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Figure 7. TBSV NPs transmission electron microscopy and DOX loaded TBSV NPs native agarose gel 

electrophoresis.  (A) Visualization by negative staining and high-resolution transmission electron micros-

copy of purified TBSV NPs. 1: TBSV-WT NPs; 2: TBSV-RGD NPs; 3: TBSV-tLyp1 NPs; 4: TBSV-CooP NPs. 

Bar scale: 200 nm. (B) Native agarose gel visualized under UV light (upper panel), and white light before 

(middle panel) and after Coomassie Blue staining (lower panel). Four µg of NPs were loaded in each well. 

TBSV NPs, loaded or not with DOX, are indicated for each well. 
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3.3.6 Chimeric TBSV-mediated delivery of DOX to Shh-MB cells 

The ability of the cTBSV to deliver DOX was evaluated in MB cell cultures, measuring 

the cell viability after 72 hours of incubation with different concentrations of free-DOX 

or DOX-loaded NPs (TBSV-WT, -RGD, -tLyp1 or -CooP). The viability of the cells treated 

with the unloaded WT virus was set as 100%. As shown in Figure 8A, cell viability was 

significantly reduced by free-DOX in a dose-dependent manner, with maximum efficacy 

reached at a concentration of 25 µM (90% of dead cells). DOX delivery through TBSV-

WT and -RGD was able to significantly increase cell killing at lower DOX concentrations 

(around 85% of cell-death with TBSV-WT and 75% with TBSV-RGD at 10 µM vs 50% 

with free-DOX). Moreover, the largest difference in cell-death rate among groups can be 

appreciated at the lowest DOX concentration (5 µM), when delivered through TBSV-

tLyp1 and TBSV-CooP producing over 90% of cell-death rate compared to 68% in TBSV-

RGD, 46% in TBSV-WT and only 17% in free-DOX groups, indicative of the potential 

therapeutic gain of this targeted strategy of delivery. 
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Figure 8. Validation of in vitro and in vivo TBSV targeting to MB.  (A) Viability of Shh-MB cells after 72 

hours of incubation with free-DOX or DOX-loaded NPs (TBSV-WT, -RGD, -tLyp1 or -CooP). The viability 

of the cells treated with the unloaded WT virus was set as 100%. Data are presented as mean ± SD of 

biological quintuplicates. (B) Absolute quantification of TBSV NPs in MB and NB determined by RT-

qPCR after i.v. injection of 200 µg TBSV-CooP, TBSV-tLyp1 or TBSV-WT in Ptch1+/- mice with clear signs 

and symptoms of MB. Data are presented as mean ± SD of biological triplicat es. *p=0.0171; **p=0.0010; 

****p<0.0001 (Student’s t-test). NB = normal brain; MB = Medulloblastoma. 

 

 

3.3.7 ChimericTBSV NPs targeting to Shh-MB in vivo  

To verify that TBSV-tLyp1 and TBSV-CooP were able to specifically target MB also in 

vivo, Ptch1+/- mice developing the tumor were i.v. injected with TBSV-WT or chimeric 
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particles and 24 hours later the absolute quantity of TBSV NPs in MB and NB deter-

mined by RT-qPCR. The analysis (Figure 8B) indicated that TBSV-WT, as well as chi-

meric NPs, were able to reach the brain. Notably, even if the overall amount of TBSV-

WT was higher compared to that of cTBSV NPs, TBSV-CooP showed the highest speci-

ficity in targeting MB cells (3.56-fold increase vs. NB, P < 0.0001) with respect to TBSV-

WT and TBSV-tLyp1 (2.47- and 2.51-fold, respectively). 
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3.4 DISCUSSION 

 

In the present study, NPs based on TBSV have been developed with the aim of targeting 

MB, a primary CNS tumor, which is one of the most frequent malignancies in childhood. 

Rapid advances in molecular genetics over the past two decades have provided consen-

sus on the existence of four distinct molecular MB subgroups: Wingless (WNT), Sonic 

Hedgehog (SHH), group 3 and group 4 [37]. Accordingly, a new concept of therapeutic 

approach is now evolving, which could substitute or at least complement the standard 

treatment of MB, currently based on resection, chemotherapy and craniospinal irradia-

tion. This approach is particularly relevant for SHH-MBs, the most common subgroup 

in infants (≤3 years old), in whom radiotherapy is precluded due to the severe neurolog-

ical side effects. Targeted therapy is an example of alternative treatment and SHH path-

way antagonists, primarily those inhibiting smoothened (SMO), are currently in clinical 

trials demonstrating improved progression-free survival [38]. However, such inhibitors 

might be ineffective when administered as monotherapy, due to the primary resistance 

observed in patients, or to the secondary resistance related to mutations occurring in the 

targeted receptor or in other involved proteins [39]. More efforts are thus necessary to 

develop new therapeutic options directed against SHH-MB and smart drug delivery 

systems represents the most promising. A wide range of different NP-based delivery 

systems have been investigated pre-clinically, which may lead to more NPs reaching the 

clinic. Glioblastoma (GBM) is the most explored tumor brain to test the efficacy of these 

type of devices, and 10 different nanomaterials are currently evaluated for possible clin-

ical use [40]. Different NPs have been experimentally tested to investigate efficacy also 

against MB, including poly(lactic-co-glycolic acid) conjugated to polyethylene glycol 

(PLGA-PEG)-based NPs delivering the Shh pathway inhibitor HPI-1 [41,42], High Den-

sity Lipoprotein (HDL) NPs [43], biomimetic NPs decorated with a ligand targeting the 

stage-specific embryonic antigen 1 (SSEA-1) (anti-CD15) and loaded with the Shh inhib-

itor sonidegib (LDE225) [44], or polyoxazoline block copolymer micelles encapsulating 

the Shh pathway-inhibitor [45]. In recent years the interest is increasing towards the use 
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of biomaterials for nanomedical applications. Building blocks of biological origin are 

indeed ideal to construct biocompatible nanodevices for drug delivery. Viruses, and 

their non-infectious structural analogues (i.e., virus-like particles), are bio-based nano-

particles. The self-assembling properties of viral capsid proteins ensure the spontaneous 

formation of shells that are structurally uniform at the atomic level. In addition, target-

ing to specific cellular types may be in some cases intrinsic because related to viral tro-

pism. In this context, plant viruses may be considered as a “natural collection” of NPs 

with conformations that range from spherical, to tubular or filamentous. Not being in-

fectious for animal cells, they are replication incompetent thus intrinsically safe, and 

their half-life in vivo cannot be hindered by pre-existing immunity. These NPs may be 

rapidly produced on large scale at low costs using plants, in particular N. benthamiana 

that is permissive to the infection by a wide range of different plant viruses [46]. The 

intrinsic ability of plant viruses to target specific mammalian cells is not obvious; how-

ever, CPMV spontaneously binds to cervical and colon cancer cells through vimentin 

[47], a cell marker expressed also on GBM [48]. Nonetheless, specific targeting may be 

easily obtained decorating the viral CP with “homing” peptides by viral genome engi-

neering or chemical interventions. By these approaches, a plethora of plant viruses, 

some of which, including TBSV, characterized for their biodistribution and formally 

demonstrated to be devoid of toxicity, have been investigated for very different appli-

cations in nanomedicine, ranging from vaccine formulations to tissue engineering, im-

aging, and diagnostic. Concerning drug delivery, the potentialities of plant viruses as 

possible vehicles have been tested mainly on melanoma, myeloma, colon, breast, pros-

tate and ovarian cancer, both in vitro and in vivo, and only rarely on brain tumors [49]. 

In this scenario, the development of new plant virus-based delivery platforms appears 

to be important to increase the number of well characterized tools available for applica-

tions in biomedicine. Here we focused on TBSV NPs, displaying on the outer surface 

peptides selected from a larger panel whose structural, dynamical and physicochemical 

features were previously characterized in detail by exploiting the capabilities of MD 
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simulation [6]. All the peptides were correctly displayed and were able to induce a sig-

nificant increase in the uptake of TBSV by primary Shh-MB cells. In particular, CooP 

and tLyp1 chimeras mediated a considerably higher internalization. To explain the ad-

vantage offered by these two peptides, the binding mode of tLyp1 and CooP (both in 

their free version or as fusion to the viral CP) with their interacting partners, NRP-1 and 

FABP3, respectively, were investigated by MD approaches. Interestingly, the dynamics 

of the interaction resulted to be more stable when peptides, CooP in particular, were 

fused to the CP, supporting the idea that internalization in MB cells is indeed receptor 

mediated. NRP-1, involved in cell survival and proliferation, seems to favor an undif-

ferentiated phenotype in cancer cells [50] and its overexpression has been reported to be 

correlated with a poor prognosis in both GBM [51] and MB [52]. Furthermore, it has 

been demonstrated that 12-aminoacids within the NRP1 cytoplasmic domain are neces-

sary to regulate Hedgehog signaling [53]. In agreement, we revealed NRP1 expression 

only in MB cells and in GCPs, both strictly depending on Shh deregulation. A similar 

trend characterized the immunostaining of FABP3, although, to the best of our 

knowledge, no correlation with Shh-dependence is reported in the literature. However, 

FABPs are expressed in the developing brain and their cellular distribution and genetic 

variation have been implicated in several brain diseases including human brain cancer. 

In particular, in a meta-analysis study of gene expression in murine and human MB, 

FABP3 has been reported to be downregulated [54]. The absence of expression of both 

receptors in differentiated cells well correlates with the significant reduction of cTBSV 

internalization, corroborating the high specificity for MB targeting offered by these NPs, 

with strong implications toward the safety of differentiated tissues. The functional test 

carried out in vitro with DOX-loaded cTBSV NPs highlighted that all NPs offered a sig-

nificant advantage in terms of efficacy with respect to the delivery of low concentrations 

of free DOX. Five µm DOX delivered through TBSV-tLyp1 and TBSV-CooP were suffi-

cient to induce a mortality rate of MB cells of 90%, a dose 5-fold lower than that neces-

sary to induce the same mortality using the free drug. Importantly, at the same DOX-

loaded concentration, these cTBSV particles offered a statistically significant reduction 
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of tumor cell viability compared to TBSV-RGD and TBSV-WT. Overall, these results are 

in agreement with data showing an increase in the specific uptake of both chimeras by 

MB cells and GCPs. Notably, when tested in vivo, CooP peptide increased the uptake of 

the plant virus NPs by MB cells compared to that of the unmodified NPs and to cTBSV 

displaying the peptide tLyP1 (3.5 fold compared to around 2.5 in the other cases). Beside 

the same experiment showed that the access to the brain of the cTBSV particles is overall 

less efficient if compared to that of the WT particles. This may be due at least to three 

main factors i.e., the slight tendency to aggregation of the chimeric particles when sus-

pended in saline and/or the delivery route and/or deposition of a different protein co-

rona. Moreover, it must be considered that the cellular composition of the tumor mass 

is less homogenous if compared to that of the cells in the in vitro cultures.  

 

3.5 CONCLUSIONS 

 

In summary, the presented data support the hypothesis that cTBSV NPs, and TBSV-

CooP in particular, might be suitable bio-based vehicles, rapidly produced on large scale 

at low costs using plants, for the targeted delivery of chemotherapeutics to Shh-depend-

ent MB, potentially overcoming problems related to low drug bioavailability and ad-

verse off-target effects. 

 

References are listed in Appendix II 

Figures have been Created with BioRender.com  
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4. PEPTIDE-FUNCTIONALIZED AND DRUG-LOADED TOMATO 

BUSHY STUNT VIRUS NANOPARTICLES COUNTERACT TUMOR 

GROWTH IN A MOUSE MODEL OF SHH-DEPENDENT MEDULLO-

BLASTOMA 

Adapted from: Int J Mol Sci. 2023 May 17;24(10):8911. doi: 10.3390/ijms24108911. 

Luca Marchetti, Flavia Novelli, Barbara Tanno, Simona Leonardi, V eronica Mohamed Hizam, Caterina 

Arcangeli, Luca Santi, Selene Baschieri, Chiara Lico, Mariateresa Mancuso. 

 

4.1 INTRODUCTION 

The third chapter is dedicated to the in vivo therapeutic efficacy of TBSV-CooP loaded 

with DOX which in previous experiments proved to be the most efficient, among other 

tested particles, in terms of MB tumor targeting. The onset of the tumor in Ptch1+/- knock-

out heterozygous mice occurs starting from 10-12 weeks of life, when the mice begin to 

show the evident symptoms of MB (arched and swollen head, matted hair, poor mobil-

ity of the lower limbs and general disorientation). In this phase, the survival rate of 

symptomatic mice is decidedly poor because the tumor is in an advanced stage of de-

velopment, in this chapter defined full-blown MB. Unlike in the later stages of tumor 

development, in the early stages there is the possibility of slowing the progression of the 

tumor more successfully. In the early stages, although Ptch1+/- mice did not show any 

tumor symptoms, from a histological point of view there is a high incidence of hyper-

plastic cerebellar lesions localized in the outermost regions of the cerebellum. These ar-

eas of hyperproliferation are defined as pre-neoplastic lesions and, in Ptch1+/- mice, begin 

to appear between the fourth and sixth weeks of life with an incidence of 60-90%, re-

spectively. In this regard, the first step was to design a preclinical study to verify 

whether multiple doses of TBSV-CooP loaded with DOX, administered between the 

sixth and eighth week of life (time frame in which 90% of the mice present the pre-neo-

plastic lesions at the "point of no return"), were able to inhibit PNLs progression towards 

MB. The second step was to verify whether a single dose of DOX-loaded TBSV-CooP 
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particles, administered to mice with full-blow MB, was enough to modulate pro-apop-

totic/anti-proliferative molecular signaling.  
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4.2 MATERIALS AND METHODS 

 

4.2.1 Mice treatment 

Ptch1+/– mice, of both sexes, were obtained at the ENEA Casaccia (Rome, Italy) animal 

facility by crossing Ptch1+/– heterozygous males with CD1-wild-type females and vi-

ceversa, and selected after genotyping as previously described [1]. At postnatal day 2 

(P2), pups were whole-body irradiated with a single 3 Gy-dose of X-rays (dose rate = 

0.89 Gy/min). Irradiation was performed using a Gilardoni CHF 320G X-ray generator 

(Gilardoni S.p.A., Mandello del Lario, Italy; HVL=1.6 mmCu) operated at 250 kVp, 15 

mA, with filters of 2.0 mm Al and 0.5 mm Cu. To test the inhibition of tumor progression, 

at six weeks of age a total of 52 Ptch1+/– mice of both sexes were randomized in 3 groups 

and injected intravenously (i.v.) by tail vein 2 times per week for 2 weeks with 150 µl of: 

vehicle (n=17; NaAc pH 5.2), DOX-TBSV-CooP (n=18; DOX concentration 1 µg/g in 

NaAc), DOX-free (n=17; 5 µg/g in NaAc). During the treatment, mice were daily moni-

tored to check the general health status and weighted immediately before each treat-

ment; three days after the last injection, mice were weighted, sacrificed and organs 

(brain, spleen, kidneys, lung, liver) as well as blood collected. For molecular analyses, 

Ptch1+/– mice (n=6 for each experimental group) with symptomatic MBs were i.v. treated 

with a single dose of vehicle, DOX-TBSV-CooP and DOX-free, with the same concentra-

tion aforementioned, and sacrificed 24 h after the treatment. Tumors were collected in 

two aliquots and immediately frozen in liquid nitrogen, then stored at -80°C for RNA 

and protein extraction. The experimental administration schedule is summarized in Fig-

ure 1. Throughout the experimental duration, animals were housed under conventional 

conditions with food and water available ad libitum and a 12-hours light-dark cycle.  
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Figure 1. Experimental administration schedule. 

 

4.2.2 Histology, morphometry and immunohistochemistry  

Collected organs were formalin-fixed and paraffin-embedded (FFPE) for routine histol-

ogy. To assess the percentage of pre-neoplastic lesions (PNLs), the entire cerebellum was 

examined recovering FFPE brain sections with intervals of 70 μm. At the recognition of 

abnormal cerebellar regions with morphology varying from focal subpial aggregates of 

cerebellar GCPs to overt nodules, microtumors - in general defined as PNLs - sections 

were mounted on slides and stained with standard haematoxylin and eosin (H&E) tech-

nique. PNLs cross sectional areas were carried out using imaging software NIS-Ele-

ments BR 4.00.05 (Nikon Instruments Europe B.V., Italy). For immunohistochemistry, 

PNL-positive FFPE brain sections (4 μm) were dewaxed for 20 min at 56°C and incu-

bated in citrate buffer pH 6.0 for 20 min at 95°C. After peroxidases inhibition by 3% H2O2 

for 10 min, sections were incubated with primary antibodies anti-Ki67 (Bethyl, Mont-

gomery, TX, USA), anti-NeuN (Merck Millipore, Darmstadt, Germany) and anti-caspase 

3-activated (Cell Signaling Technology, Danvers, MA, USA) for 1 h at room temperature 

in a moist chamber. After incubation with the secondary anti-rabbit antibody (Bethyl), 

the antigen-antibody reaction was revealed by DAB (Dako, Agilent Technologies, Santa 

Clara, CA, USA) and analyzed by HistoQuest (TissueGnostics, Vienna, Austria) soft-

ware. 
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4.2.3 RNA extraction and Real Time qPCR  

Tumor masses (~30 mg each) were homogenized with gentleMACS™ Octo Dissociator 

(Miltenyi Biotec, Bergisch Gladbach, Germany) and RNA extracted with the RNeasy 

Mini Kit (QIAGEN, Hilden, Germany). cDNA synthesis was performed using the High 

Capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA, USA), 

and RT-qPCR was carried out by StepOnePlus™ Real-Time PCR System (Applied Bio-

systems), using Power SYBR® Green PCR Master Mix (Applied Biosystems). Relative 

gene expression was quantified using Glyceraldehyde-3-phosphate (Gadph) as housekeep-

ing gene. Oligonucleotide primers used for RT-qPCR are listed in Table 1. The ΔΔCt 

quantitative method was used to normalize the expression of the reference gene and to 

calculate the relative expression level of target genes. 

Table 1. List of primers used for quantitative Real Time qPCR. 

 

 

4.2.4 Western blot 

Total proteins were extracted from ~15 mg of previously collected tumor tissues (n=6 for 

each experimental group) using T-PER™ Tissue Protein Extraction Reagent (Thermo 

Fisher Scientific, Rodano, Italy) supplemented with proteinase and phosphatase inhibi-

tors following manual procedure and subsequently quantified by Bradford assay. For 

each experimental group, equal amount of proteins was pooled together in a total of 50 

µg. Then, the samples were mixed with SDS loading buffer and heated for 5 minutes at 

100°C. Proteins were separated on 4-20% Tris-glycine TGX precast gel (BIO-RAD, Her-

cules, CA, USA) in reducing and denaturing conditions, before transferring onto PVDF 

membrane by using the Trans-Blot Turbo Transfer System (BIO-RAD). Membranes were 

blocked with 5% non-fat dry milk in PBS containing 0.5 % (v/v) Tween-20 (PBS-T) at 
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37°C for 2 h. After blocking, membranes were incubated over night at 4°C with primary 

antibodies, diluted in 3% non-fat dry milk in PBS-T, against H-FABP (Abcam, Cam-

bridge, UK; 1:500), Bim (Cell Signaling Technology; 1:1000) and 53BP1 (Abcam; 1:1000). 

Housekeeping anti-β Tubulin (Abcam; 1:2500) was incubated at RT for 45 min. After 

washing three time with PBS-T, membranes were incubated at RT for 1 h with horserad-

ish peroxidase-conjugated goat anti-rabbit polyclonal antibody (Abcam; 1:5000 for tar-

get genes and 1:15000 for housekeeping) diluted in 3% non-fat dry milk in PBS-T. The 

signal development was obtained on washed membranes by enhanced chemilumines-

cence (Amersham Biosciences, Amersham, UK) and the images acquired through iB-

right Imaging System (Thermo Fisher Scientific). 

 

4.2.5 Immunofluorescence 

Symptomatic Ptch1+/– (n=3) and wild type (n=3) mice were perfused via the left ventricle 

using 20 ml of PBS. Brains were collected and fixed in cold 4% w/v paraformaldehy de 

in PBS at 4°C for 24 h, washed in PBS at RT for 1 h and cryoprotected in 30% w/v sucrose 

at 4°C overnight. Cryoprotected and fixed tissues were frozen in optimal cutting tem-

perature compound (Killik-O.C.T. Compound; Bio-Optica, Milan, Italy), cryosectioned 

at 10μm and stored at -20°C. Air-dried tissue sections were rehydrated in PBS for 10 

min, permeabilized in PBS + 0.2% v/v Triton at RT for 10 min thus incubated with anti-

H-FABP antibody (Abcam, 1:200) at 4°C, overnight. After washing, incubation with sec-

ondary Alexa Fluor 564 goat anti-rabbit antibody (Abcam; 1:500) was performed at RT 

for 30 min, followed by washing and nuclear counterstaining with DAPI (1μg/mL in 

PBS) at RT for 8 min. Images were analyzed using Zeiss ZEN PRO software (Zeiss, Jena, 

Germany). 

4.2.6 Enzyme-Linked Immunosorbent Assay (ELISA) for antibodies titration 

Serum samples belonging to individual mice of DOX-loaded TBSV-CooP treated group 

were analyzed by ELISA to determine the concentrations of anti-TBSV CP antibodies. 

Briefly, ELISA Maxisorp plates (ThermoFisher Scientific) were coated overnight with 

https://www.google.com/search?client=firefox-b-d&sa=X&biw=2381&bih=1201&q=Jena&si=AEcPFx5y3cpWB8t3QIlw940Bbgd-HLN-aNYSTraERzz0WyAsdPRvPO6cqEAiynBQntIFeorgqZXAJnVqASlzf0QDGnBGEJGETFLv2PpVQv6tQGQUP0TqvQPvyZ4OH4nJyuDjrlD8DZ88oxkgoBSboGilURkNwtmnt1VCVN99GIVMvcIPzGLUtVLn6StMNxJcPaD76H_7qIuY&ved=2ahUKEwjWgKe3ueX8AhVCzqQKHasyCJEQmxMoAXoECC4QAw
https://www.google.com/search?client=firefox-b-d&sa=X&biw=2381&bih=1201&q=Jena&si=AEcPFx5y3cpWB8t3QIlw940Bbgd-HLN-aNYSTraERzz0WyAsdPRvPO6cqEAiynBQntIFeorgqZXAJnVqASlzf0QDGnBGEJGETFLv2PpVQv6tQGQUP0TqvQPvyZ4OH4nJyuDjrlD8DZ88oxkgoBSboGilURkNwtmnt1VCVN99GIVMvcIPzGLUtVLn6StMNxJcPaD76H_7qIuY&ved=2ahUKEwjWgKe3ueX8AhVCzqQKHasyCJEQmxMoAXoECC4QAw
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100 µl 1× Carbonate Buffer (0.2 M Na2CO3/NaHCO3 at pH 9.4) containing 0.5 µg of pu-

rified TBSV-WT. After washings three times with 1× PBS supplemented with 0.1% 

Tween-20, and twice in PBS, plates were blocked in PBS-5% low-fat milk, 2 h at 37°C. 

Then, after washings as before, 100 µl of individual mouse serum dilutions in 1×PBS 

were added in triplicate to wells, and incubated overnight at 4°C. The presence of bound 

murine IgG antibodies was detected using an HRP-labelled sheep anti-mouse IgG pol-

yclonal antibody (GE Healthcare Europe GmbH; 1:2500;), incubated for 1 h at 37°C and 

revealed, after washing, with 2,2-azino-bis (3-ethylbenzthiazoline-6-sulphonicacid) 

(ABTS; SeraCare, Milford, CT, USA) as substrate. The colorimetric reaction was meas-

ured by a microplate absorbance reader (Tecan, Mannedorf, Switzerland) at OD405nm. 

Endpoint titres were defined as the reciprocal of the highest serum dilution giving an 

absorbance ≥0.1 OD above the blank (absorbance of the sera of sham treated mice). Ge-

ometric mean titres were determined for each group. 

 

4.2.7 Statistical Analysis  

Analyses were performed using GraphPad Prism v.7 for Windows (GraphPad Software, 

San Diego, CA). We used Student’s t-test and Mann-Whitney test for comparison be-

tween groups. P values ≤ 0.05 were considered statistically significant. 
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4.3 RESULTS 

 

4.3.1 DOX-loaded TBSV-CooP nanoparticles inhibit progression of MB PNLs  

At 6 weeks of age almost the totality of neonatally-irradiated Ptch1+/– mice are character-

ized by the presence of microscopically recognizable cerebellar abnormalities on their 

way to become full-blown tumors [1]. Thus, to evaluate the capability of the TBSV-CooP 

drug delivery strategy to efficiently reach the target, inducing a therapeutic effect, we 

designed a preclinical study focused on early phases of MB development. To this aim, 

we compared the effect induced by a dose of free DOX (5 mg/Kg) with a dose 5-fold 

lower (1 mg/Kg) loaded in TBSV-Coop NPs. Clinically, DOX is administered at doses of 

1–10 mg/kg, intravenously. If 1–10% of the injected dose reaches the tumor site, the re-

sulting intratumoral dose would equate to 0.01–1 mg/kg [2]; thus our dose is within a 

clinically relevant use range of DOX. From 6 to 8 weeks of age, mice were treated 4 times 

(2 times per week) with DOX-free, DOX-TBSV-CooP or vehicle (sham group) and sacri-

ficed 3 days after the last treatment. According to histological and dimensional analyses, 

PNLs found in all FFPE mouse brains analyzed were classified as asymptomatic micro-

tumors (area > 1×106 μm2; Figure 2a) or small nodules (area < 1×106 μm2; Figure 2b). Alt-

hough the total incidence of positive mice with cerebellar abnormalities was 100% for 

each experimental group, a different size distribution of PNLs was observed among 

groups. As shown in Figure 2c, in vehicle-treated FFPE mouse brains, 41% (7/17) of mi-

crotumors and 59% (10/17) of small nodules were found, with a global proliferation in-

dex of 72% (ki67-positive/total cells; Figure 2d). The frequency of microtumors de-

creased to 33% (6/18) and 23.5% (4/17) in DOX-free and DOX-TBSV-CooP groups, re-

spectively. The corresponding increased frequency of less progressed PNLs (67% and 

76.5%) suggests a slowing down of tumor progression (Figure 2c and d) in both treated 

groups. This conclusion is corroborated by the statistically significant inhibition of the 

proliferation index in DOX-free (55.3%; p = 0.0097) and DOX-TBSV-CooP (58.7%; p = 

0.0247) PNLs compared to that quantified in PNLs from vehicle-treated group. 
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Furthermore, immunostaining of small nodules with an antibody directed against 

NeuN, a marker of neuronal differentiation, highlights a statistically significant higher 

percentage of NeuN-positive cells in DOX-free (41.1 %; p = 0.0241) and in DOX-TBSV-

CooP (35.9%; p = 0.0117) treated animals compared to the sham (22.5%) group, indicat-

ing a shift towards regression of small nodules to normal tissue and thus decreasing 

propensity to develop into MB (Figure 2e). Notably, in PNLs from treated groups, sev-

eral figures associated to irreversible cell injury (apoptosis) were morphologically rec-

ognized (Figure 2g and h). They were also confirmed after immunostaining with 

caspase-3 antibody compared to sporadic apoptotic cells in vehicle-treated counterparts, 

where many cells in mitosis are present (Figure 2f-h, inserts). Quantification of apoptotic 

cells clearly demonstrated a statistically significant increase of apoptotic rate in MB from 

treated-groups (Figure 2i); notably, MB treated with DOX-TBSV-Coop showed the high-

est level of damaged cells (p<0.0001 vs. vehicle; p=0.0040 vs. DOX-free). 
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Figure 2. Histological and immunohistochemical analyses of MB PNLs. (a). Representative image of a 

PNL classified as microtumor (area > 1×10 6 μm2). (b) Representative image of a PNL classified as small 

nodule (area < 1×106 μm2). (c) Distribution of PNLs according to their cross-sectional area in sham (n=17), 

DOX-free (n=18) and DOX-TBSV-CooP (n=17) groups. Blue = male mice; magenta = female mice. (d) PNLs 

proliferation index calculated as percentage of Ki67-positive/total cells. Dataset represent the mean ± SEM. 

* p < 0.05; ** p < 0.01 (Student’s t-test). (e) Rate of cell differentiation in small nodules calculated as per-

centage of NeuN-positive/total cells. Dataset represent the mean ± SEM.* p < 0.05 (Student’s t -test). Rep-

resentative images of PNLs sections from sham (f), DOX-free (g) and DOX-TBSV-CooP (h) groups. Ar-

rowhead in (f) = Phases of mitosis. Arrowhead in (g) and (h) = apoptosis. Inserts in (f-h) = Immunostaining 

with an antibody against caspase-3-activated. Scale bars = 10 µm. 

 

Despite microscopic examination of organs (spleen, kidneys, lung, liver) collected from 

mice of all the experimental groups did not show evident alterations of normal structure 

neither the presence of cell injury at the end of our experimental protocol (Figure 3), 

mice treated with DOX-free manifested clear symptoms of systemic toxicity as demon-

strated by body weight loss after the third injection that was statistically significant com-

pared to vehicle-treated group after the last treatment (p = 0.0429; Figure 4). On the con-

trary, no variation of body weight was observed in DOX-TBSV-CooP-treated mice all 

along the experimental time. 

 



 

93 

 

 

Figure 3. Microscopic examination of off-target organs. Representative histological images of haematox-

ylin and eosin (H&E) stained organs collected from vehicle-, DOX-free and DOX-TBSV-CooP treated 

mice. Bars = 50 mm 

 

 

 

 

Figure 4. Evaluation of body weight registered immediately before each i.v. injection of NaAc (vehicle), 

DOX-free and DOX-TBSV-CooP and at the time of organs collection (8 weeks). Data represent the mean 

weight of each experimental group ± SD. * p < 0.05 (Student’s t-test). 
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Overall, these results clearly demonstrate the advantage offered by the TBSV-based 

drug delivery system in contrasting MB PNLs towards their evolution in overt tumors, 

being able to inhibit tumor cell proliferation and to promote cell death as well as cell 

differentiation despite a drug dose 5 times lower than the freely administrated, with also 

absence of undesirable side effects. 

 

4.3.2 Effects of DOX-loaded TBSV-CooP nanoparticles on full-blown tumors 

Ptch1+/- mice, irradiated at post-natal day 2 with a single dose of 3 Gy of x-rays, develop 

full-blown MBs starting from 10 weeks post-irradiation with maximum tumor incidence 

(60%) reached by 20 weeks [1]. Tumor development is accompanied by clearly recog-

nizable symptoms (e.g. weight loss, skull deformation, impaired balance and paralysis) 

and, since the onset of these symptoms, mice survival is reduced to a few days. At this 

stage of MB development, tumor mass is well-recognizable in the posterior cranial fossa 

and it is easily detached from the remaining normal cerebellum (Figure 5a). To establish 

if our platform of drug delivery could offer a therapeutic benefit also at this late stage of 

MB development, symptomatic mice were i.v. injected by tail vein with vehicle (n=5), 

DOX-free (n=5) or DOX-TBSV-CooP (n=5) and 24 hrs later tumors collected for RNA and 

protein extractions. By RT-qPCR, mRNA expression levels of genes involved in DNA 

repair, apoptosis and cell proliferation were initially assessed. As shown in Figure 5b, a 

statistically significant higher expression of 53pb1 gene, a classic late marker of DNA 

damage response, was observed in both treated groups compared to sham. To note, in 

MBs from mice treated with DOX-free, 53pb1 mRNA expression was 1.26-fold higher 

with respect to controls (p = 0.0480); on the contrary, when DOX was delivered through 

the engineered virus, its capability to induce double strain breaks was more effective 

despite the five times lower concentration (2-fold increase vs. vehicle, p = 0.0025; 1.56-

fold increase vs. DOX-free, p = 0.0728). In support of these data, the expression levels of 

the pro-apototic gene Bax, were also significantly up-regulated in tumors from DOX-

TBSV-CooP compared to vehicle-treated mice (p = 0.0480; Figure 5c). Analyzing Cyclin 

D1, an important regulator of cell cycle progression, we did not find significant variation 
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in the expression levels among groups (Figure. 5d); however, a decreasing trend in both 

treated groups fits with the lower proliferiation index of PNLs MB (Figure. 2d), suggest-

ing that repeated administrations of the DOX-carrying nanoparticles would be able to 

inhibit tumor cell proliferation also during the late stage of MB development. As shown 

in Figure 5e, Western blot analyses of Bim, a direct activator of Bax [3] and Cyclin D1 

are in agreement with the mRNA expression levels results. Bands intensities are re-

ported in Table 2. 

The interacting partner of the CooP peptide has been identified primarily to be the mam-

mary-derived growth inhibitor (MDGI/FABP3/H-FABP) [4]. By molecular dynamic ap-

proach, we previously demonstrated that the binding mode of CooP with H-FABP was 

more stable when CooP was fused to the viral coat protein, suggesting the hypothesis 

that the internalization by MB cells could be receptor-mediated [5]. Expression analysis 

of H-FABP, obtained by western blot and immunofluorescence on three independent 

MBs, clearly showed an increase of this protein level in tumors compared to normal 

cerebellum (Figure 5f and g; bands intensities are reported in Table 2), highlighting that 

the higher induction of DNA damage and apoptosis obtained by DOX-TBSV-CooP com-

pared to DOX-free treatment can be attributed, at least for Shh-dependent MB, to the 

presence of H-FABP and its internalization activity.  
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Figure 5. Effects induced by DOX-loaded TBSV-CooP nanoparticles on overt MB.  (a) Representative 

image of an explanted brain from a symptomatic Ptch1+/- mouse; dashed line = tumor mass. Evaluation of 

53pb1 (b), Bax (c), and Cyclin D1 (d) expression levels, determined by RT-qPCR analysis after a single i.v. 
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injection of vehicle, DOX-free and DOX-loaded TBSV-CooP in mice with clear MB symptoms. Each da-

taset represents the mean ± SEM of three independent biological replicates. *p < 0.05; **p < 0.01 (Mann-

Whitney test). (e) Western blot analysis of Bim and Cyclin D1 expression. (f) Western blot analysis of H-

FABP expression. β-tubulin was used to normalize protein loading in (e) and (f). Cryosections of MB (g, 

h) and normal cerebellum (i, j) stained with anti-H-FABP antibody (red); cell nuclei stained with DAPI 

(blue). C = normal cerebellum. M = Precision plus protein Standards (BIO-RAD). Scale bars = 100 μm. 

 

Table 2. Densitometry of bands shown in Western Blots in Figure 5e and f. 

 

Data have been obtained by iBright Imager Analysis Software, Thermo Fisher Scientific. 

 

4.3.3 Antibody titration 

The antibody response against the virion shell composed by a single type of CP has been 

evaluated. The dense experimental schedule of NPs administrations, concentrated in 2 

weeks, did not allowed to sample the sera after each single dose, consequently the anal-

ysis has been performed by ELISA at the end of the experiment, at the day of the sacri-

fice, evaluating individual CP-specific IgG titers. No anti-TBSV antibodies have been 

detected in the sera of the vehicle-treated mice, while specific IgG were found in DOX-

TBSV-CooP treated mice with and endpoint titer spanning from 1:35,841 to 1:66,805 (av-

erage 1:48,128), and no statistical differences between male and female. 
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4.4 DISCUSSION 

 

In conventional cancer treatment, chemotherapy drugs are usually delivered systemi-

cally via the circulatory system but are dispersed in the whole body and often prema-

turely released before reaching the tumors. Consequently, the dose of the drug has to be 

increased considerably in order to reach the target organ in a quantity adequate to be 

effective, but have the disadvantage to induce side effects or cytotoxicity, causing dam-

age to normal tissues or cells. Hence, the major goals of precision cancer medicine de-

velopment are not limited to early diagnosis and phenotyping of the disease, but also to 

improvements in drug delivery efficacy. NPs may have great clinical potential in this 

field. Viral NPs, and plant virus NPs in particular, are intriguing from a nanomaterial 

science standpoint, given their self-assembling architecture and the easiness of produc-

tion that can reach milligrams in a lab-scale frame. Their intrinsic quality-control mech-

anism ensures that all the particles are almost similar in size and shape, a feature, among 

several others, that is impossible to obtain in synthetic nanomaterials, achieving on the 

whole optimal cargo loading capacity, targeting efficiency, biocompatibility, ease of 

manufacturability, and cost-effectiveness. Finally, plant virus NPs can be custom modi-

fied by genetic engineering and are biodegradable, a clear advantage over lower modi-

fication efficiency typical of synthetic materials which rely on chemical synthesis and 

over their inherent persistence in the body for extended periods.  

In this context, a TBSV-based drug system of targeted delivery for Shh-dependent MB 

treatment has been developed and characterized, moving from preliminary in vitro data 

to in vivo efficacy experiments. CooP-functionalized and DOX-loaded TBSV NPs have 

been demonstrated to be specifically uptaken by primary cultures of Shh-MB cells, al-

lowing to reduce by 5 times the effective drug dose for inducing 90% decrease in tumor 

cells viability [5]. On the basis of in silico simulations, it was hypothesized that DOX-

TBSV-CooP NPs internalization by MB cells could be mediated by MDGI/FABP3, the 

receptor expressed on glioblastoma cells recognized by CooP [6]. Here, with different 

experimental approaches, it was found that H-FABP, the best-characterized member of 
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the FABP family [7], is expressed also in Shh-MBs. A receptor-mediated target-specific 

mechanism of uptake well-explains why, although the dose of DOX delivered through 

TBSV NPs is significantly lower as compared to that delivered as free-drug, a similar 

therapeutic efficacy in counteracting MB growth is obtained. 

The current chemotherapy approach adopted for MB treatment does not include DOX 

[8]. Nevertheless, DOX was selected as drug to be delivered through TBSV-NPs because 

it is fluorescent, thus allowing proper optimization of an ad hoc particles loading proto-

col, and in addition it has a poor intrinsic ability to cross the BBB and reach brain tumor 

cells. In agreement with the well-known capability of DOX to activate different regula-

tory mechanisms inducing either apoptosis or cell death [9], in both treated experi-

mental groups at early and also late stages of MB development, we found a significant 

increase of apoptosis and activation of pro-apoptotic pathways. Notably, when DOX 

was delivered through the engineered TBSV-NPs, its capability to induce apoptosis was 

significantly higher than when freely administered at a 5-fold higher concentration. The 

higher pro-apoptotic effect induced by DOX-TBSV-CooP correlates with the signifi-

cantly higher expression of the DNA damage response factor 53bp1, found in the tumor 

already after a single injection of TBSV-NPs. Although a single dose of engineered 

TBSV-NPs was unable to significantly change cyclin D1 expression levels, the reduced 

content in Ki67 resulting from the analysis of early stages of MB development suggest 

that TBSV-based DOX delivery platform inhibits tumor cell proliferation as effectively 

as a 5-fold higher dose of free-DOX. Another important advantage offered by the ad-

ministration of the drug by means of proposed delivery system is the absence of sys-

temic toxic effects. Although no cytotoxic damage to non-target organs was found in 

both treated groups, animals treated with multiple doses of free-DOX suffered from a 

significant loss of body weight. This effect may be related to the decrease in fat and 

skeletal muscle mass caused by DOX, due to its inhibitory effects on AMPk resulting in 

hyperglycemia and insulin resistance and culminating in atrophy, weight loss and ano-

rexia [10]. Since TBSV is a “protein-based cage”, a potential disadvantage of its use as 

drug delivery system is that it is per se immunogenic. This is the reason why the antibody 
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response against the viral CP was evaluated. The titers of the antibodies after repeated 

administrations were higher in comparison to those measured after a single inoculum 

[5]. However, it is important to highlight that immunogenicity is a translational chal-

lenge to be addressed for many systems, including synthetic nanoparticles. In fact, the 

production of carrier-specific antibodies has been reported also for various inorganic 

and synthetic systems, as for example iron oxide NPs, liposomes, multi-walled carbon 

nanotubes [11][12][13], and obviously other plant viruses [14]. Moreover, the immune 

response is one of the natural clearance mechanisms and it does not pose per se any 

potential health risk or adverse effect. Generally, it is assumed that the immunogenic 

properties of protein-based carriers can be attenuated by stealth polymer coating, as 

polyethylene glycol (PEG) [15], able to decrease serum protein adsorption, thus clear-

ance by the mononuclear phagocyte system. Nevertheless, more recently this paradigm 

is rapidly changing and antibody production against PEG in humans has also been re-

ported [16][17][18]. Even if unintended immune responses may result in unfavourable 

accelerated clearance of delivery systems, apparently it does not affect dramatically the 

efficacy of the TBSV-based delivery strategy.  

 

4.5 CONCLUSIONS 

 

These results demonstrated the great versatility of TBSV-NPs as drug delivery system, 

which is grounded on a finely tunable plant based production and on different ap-

proaches for functionalization such as genetic engineering of the structural proteins and 

cargo loading. By confirming non-toxicity, it was verified that TBSV-NPs have great po-

tential being able to specifically convey a chemotherapy drug to tumor cells in a murine 

model of MB, reducing tumor progression and allowing to decrease the drug dose. The 

TBSV-based delivery platform therefore encompasses all the characteristics of an elec-

tive candidate in theranostics application. 
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5. TARGETING OF TOMATO BUSHY STUNT VIRUS WITH A GE-

NETICALLY FUSED C-END RULE PEPTIDE 

 

Adapted from: Nanomaterials (Basel). 2023 Apr 21;13(8):1428. doi: 10.3390/nano13081428. 

Luca Marchetti, Lorena Simon-Gracia, Chiara Lico, Mariateresa Mancuso, Selene Baschieri, Luca Santi, 

Tambet Teesalu. 

 

5.1 INTRODUCTION 

 

This last chapter is dedicated to the part of the research activity carried out abroad at 

the Laboratory of Precision and Nanomedicine of the University of Tartu, in Estonia. 

Professor Tambet Teesalu and his group have been using in vivo phage display as a 

strategy for the discovery of new peptides for tumor targeting for years. This strategy 

allowed to identify tumor-penetrating peptides (TPPs), a class of peptides that usually 

contain a key sequence motif R/KXXR/K at the C-terminus, also referred to as the C-end 

rule (CendR), that drives the specific binding to neuropilin-1 (NRP-1), co-receptor for 

vascular endothelial growth factor involved in the occurrence and development of a va-

riety of cancers. Among the various TPPs, the RPARPAR (RPAR) peptide is considered 

the prototype of this class of peptides and is often used as a positive control in NRP-1 

receptor binding experiments. With the aim of exploiting the versatility of the TBSV vi-

ral particles with the targeting precision of the RPAR peptide, we set up proof of concept 

experiments to further validate the potential of the TBSV-based delivery platform with 

another tumor system, different from the one investigated so far. Also in this case we 

genetically fused the RPAR peptide on the surface of TBSV particles and after the in 

planta production we evaluated the interaction of TBSV-RPAR with NRP-1 following 

different strategies. Fundamental for this experimental part was to work with two dif-

ferent human cancer cell lines, the prostate cancer cell line PPC-1 (NRP-1 positive) and 

melanoma cell line M21 (NRP-1 negative) that we exploited in vitro as a "black or white" 

system to determine TBSV-RPAR/NRP-1 binding. Finally, in addition to genetic fusion 
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and loading of particles with DOX, we have adopted chemical conjugation to generate 

fluorescent particles with a cross-link reaction between the thiol groups exposed on the 

viral surface and the dye labeled-maleimide. 
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5.2 MATERIALS AND METHODS 
 

5.2.1 Genetic engineering of TBSV and its production in plants 

To generate TBSV-RPAR, first the DNA sequence encoding the RPARPAR peptide was 

inserted at the 3’-end of the p41 gene of the plasmid vector covering the full viral ge-

nome, pTBSV-WT as reported in [1]. Briefly, codon optimized in vitro annealed DNA 

oligos encoding the peptide with ApaI/PacI compatible ends (5’CGGAGGTAGAC-

CAGCTAGGCCTGCAAGATGAGAGCTCTTAAT3’, 5’TAAGAGCTCTCATCTT-

GCAGGCCTAGCTGGTCTACCTCCGGGCC 3’) were ligated into the properly double 

digested plasmid generating the pTBSV-RPAR. XmaI linearized pTBSV-WT and pTBSV-

RPAR DNAs were in vitro transcribed using the MEGAscript T7 High Yield Transcrip-

tion kit (Ambion Applied Biosystems) to generate infectious RNA molecules corre-

sponding to viral genome. Virus RNA was used to inoculate 6-8 weeks old Nicotiana 

benthamiana plants, grown under controlled conditions (24° C, 16 h light/8 h dark) in a 

containment greenhouse, by abrading the adaxial side of 2 leaves/plant with carborun-

dum (silicon carbide, VWR International). TBSV NPs were purified from infected plants 

according to previously developed protocol [1].  

 

5.2.2 Chemical conjugation of CF555 dye on TBSV NPs 

TBSV-WTCF555 and TBSV-RPARCF555 NPs were generated by coupling CF555-maleimide 

(Sigma) to exposed cysteine residues on the virus capsid. TBSV-WT and TBSV-RPAR at 

a concentration of 1 mg/mL in KP buffer (0.1 M potassium phosphate buffer pH 7.0) 

were mixed with 2,000 molar excess of CF555-maleimide in DMSO per particle (~10 

CF555 molecules/CP unit). The final DMSO concentration was adjusted to 10% (v/v). 

The reaction was left to proceed at RT with agitation in the dark overnight. After label-

ing, the TBSV NPs were purified by ultracentrifugation over a 25% (w/v) sucrose cush-

ion at 28,000 rpm using a SW 60 Ti rotor (Beckman Coulter Inc.) for 3 h. The TBSV pellet 

was resuspended in 0.1 M potassium phosphate buffer pH 7. Virus concentration and 

number of conjugated dyes were determined through UV/Visible spectroscopy by a 

Nanodrop 2000c spectrophotometer (Thermo Scientific) using the Lambert-Beer law 
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considering the TBSV and CF555 molar extinction coefficients (4.5 mL mg-1 cm-1 at 260 

nm and 150,000 M-1 cm-1 at 555 nm, respectively). For SDS-PAGE, denatured TBSV 

samples (4 µg per lane) were loaded on 4–20% Tris-glycine gels (Bio-Rad) and ran in 

Tris-glycine buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3). Gels were imaged 

using Li-Cor Odyssey M scanner. Fluorescence channel (520 nm) was used to detect 

CF555 TBSV NPs and colorimetric channel (630 trans) was used after staining with Coo-

massie Blue. 

 

5.2.3 Enzyme-Linked Immunosorbent Assay (ELISA) 

TBSV-RPAR/NRP-1 binding was assessed by ELISA. The high-binding polystyrene mul-

tiwell plates were coated with 2 µg/ml of recombinant NRP-1 (NRP-1-WT) receptor or 

with b1/b2 mutated NRP-1 (NRP-1-Mut) in 100 µl of Phosphate Buffered Saline (PBS, 

pH 7.4) at 4° C overnight. Wells were washed and blocked with 5% low fat milk in PBS 

at 37° C for 2 h. After blocking, the wells coated with NRP-1-WT were incubated with 8 

µg/ml of in-house developed mouse monoclonal antibody [2] at 37° C for 30 min, then 

TBSV-WT or TBSV-RPAR samples in PBS (100 µl at 1.5 µg/ml) were added to each well 

and incubated at 37° C for 2 h. Wells were washed with 0.1 % (v/v) Tween-20 in PBS to 

remove free TBSV NPs. The polyclonal rabbit anti-TBSV antibody (Agdia) diluted at 

1:200 in PBS containing 2% low fat milk was incubated at 37° C for 90 min. The second-

ary antibody (polyclonal HRP-Donkey anti-rabbit IgG, Biolegend) was used at a dilution 

of 1:3000 in PBS containing 2% low fat milk and incubated at 37° C for 1 h. TMB Reagent 

(3,3′,5,5′-tetramethylbenzidine, 1-Step™ Ultra TMB-Elisa Thermo Scientific) was added 

to the wells, the colorimetric reaction was stopped with 100 μl of stop solution (2 M 

H2SO4) and the signal was measured at 450 nm using microplate reader (Tecan). 

 

5.2.4 Flow cytometry 

PPC-1 human prostate carcinoma cells and M21 human melanoma cells were grown in 

DMEM containing 4.5 g/L glucose w/o L-Gln (Lonza) supplemented with 10% fetal bo-

vine serum (Gibco), 100 U/mL penicillin, and 100 µg/mL streptomycin (Gibco). Cells 

were grown in the presence of 5% CO2 in a humidified environment at 37° C. M21 and 
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PPC-1 cells were seeded in a 24-well plate at 100,000 cells/well and grown overnight. 

TBSV-WTCF555 or TBSV-RPARCF555 NPs (10 μg/well) were added to the cells and incu-

bated at 37° C for 1 h, washed tree times with PBS, detached with non-enzymatic cell 

dissociation solution (Cellstripper®, Corning) and collected in 1.5 ml tube. Cells were 

subsequently washed, resuspended in PBS, and analyzed using a BD Accuri™ C6 plus 

flow cytometer. Triplicates of each sample were examined, and 10,000 events (gated for 

live cells) were recorded. Data were analyzed using the BD Accuri C6 software. For the 

NRP-1 blocking, incubation with TBSV NPs (5 μg/well) was preceded by incubation 

with in-house generated mouse anti-human mAb (at 10 µg/ml and RT, 30 min). 

 

5.2.5 Confocal imaging of cultured cells 

For confocal microscope imaging, 100,000 cells/well in 500 μl of DMEM were seeded on 

glass cover slips in 24-well plates. TBSV-WTCF555 and TBSV-RPARCF555 NPs (10 μg/well) 

were added and the mixtures were incubated at 37° C for 1 h. Cells were washed 3 times 

with PBS to remove unbound NPs and then fixed with 4% paraformaldehyde in PBS at 

RT for 10 min. Cell nuclei were stained with DAPI (1ug/ml) at RT for 8 min, followed by 

mounting the coverslips in aqueous mounting medium Fluoromount-G (Electron Mi-

croscopy Sciences). For PPC-1-GFP/M21 co-culture experiment, the mixed suspension 

of cells (100,000/well) were seeded on a glass coverslip as mentioned above and exposed 

to TBSV-RPARCF555 NPs (10 µg/well) at 37° C for 1 h. After fixation with 4% paraform-

aldehyde in PBS at RT for 10 min, the cells were incubated with blocking buffer (5% w/v 

BSA, 5% v/v FBS and 5% v/v goat serum in PBS with 0.05% Tween-20) at RT for 30 min, 

followed by incubation with primary in-house generated rabbit anti-human p32 anti-

body (diluted 1:200 in 0.2X blocking buffer) at RT for 30 min, then washed and incubated 

with goat anti-rabbit Alexa 647-conjugated antibody (Invitrogen) diluted 1:200 in 0.2X 

blocking buffer at RT for 30 min. After cell nuclei staining the coverslips were mounted 

on glass slides using Fluoromount-G. For the pulse-chase co-localization experiment, 

cells were incubated with TBSV-RPAR NPs (10 μg/well) at 37 °C for 30 min, washed 3 
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times with fresh medium to remove unbound NPs, and chased for 30, 90, and 270 min. 

After chase, cells were fixed in 4% paraformaldehyde in PBS pH 7.2 at RT for 10 min, 

then permeabilized with 0.2% Triton-X 100 in PBS at RT for 10 min, washed 3 times in 

PBS and incubated with blocking buffer at RT for 30 min. TBSV NPs were stained using 

rabbit anti-TBSV antibody (Agdia) diluted 1:200 in 0.2X blocking buffer at RT for 30 min 

followed by a goat anti-rabbit Alexa Fluor 546-conjugated secondary antibody (Invitro-

gen) diluted 1:200 in 0.2X blocking buffer at RT for 30 min. Endolysosomes were identi-

fied using mouse anti-human CD107a (LAMP-1) antibody (Biolengend) diluted 1:200 in 

0.2X blocking buffer at RT for 30 min followed by Alexa Fluor 647-conjugated goat anti-

mouse antibody (Invitrogen) diluted 1:200 in 0.2X blocking buffer at RT for 30 min. Fi-

nally, cell nuclei were stained using DAPI (1µg/ml) at RT for 8 min and coverslips were 

mounted on glass slides using Fluoromount-G. Olympus FV1200MPE confocal micro-

scope (Olympus Europa SE & Co. KG) was used for imaging. Acquired images were 

analyzed using FluoView FV10-ASW 4.0 software (Olympus Europa SE & Co. KG). For 

co-localization analysis, Pearson’s R correlation coefficient using Fiji ImageJ Coloc 2 

plugin (https://imagej.net/plugins/coloc-2, accessed on March 2022) was used. For each 

time point, ten different images were analyzed. 

 

5.2.6 Doxorubicin loading of TBSV NPs 

Approximately 1mg/ml of purified TBSV NPs were incubated in swelling buffer (0.1 M 

Tris, 50 mM EDTA, pH 8.0) at RT in agitation for 1 hour. A 5000 molar excess of DOX 

(0.324 µg DOX/µg virus) was added, followed by incubation on a bench-top tube rotator 

at 4° C overnight. To re-seal the virus cages, the samples were mixed in association 

buffer (0.2 M Na Acetate, 25 mM CaCl2, 25 mM MgCl2, pH 5.2) at RT for 1 h. DOX excess 

was removed by ultracentrifugation on 25% sucrose cushion using a SW 60 Ti swing -

out rotor (Beckman Coulter Inc.) at 28,000 rpm at 4° C for 3 h. Pellets were resuspended 

in association buffer overnight and stored at 4° C until needed. TBSVDOX NPs were ana-

lysed by UV/VIS using Nanodrop 2000c (Thermo scientific) at 488 nm to quantitate the 
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DOX loading. A calibration curve was generated and the Lambert-Beer law used to de-

termine the concentration of the TBSV-loaded DOX. The drug encapsulation efficiency 

(EE) and loading capacity (LC) of DOX in NPs were also determined according to the 

formula: 

EE(%) = Amount of DOX in the NPs/total amount of DOX added (×100)  

LC(%) = Amount of DOX in the NPs/NPs weight (×100) 

 

5.2.7 Cell viability assay 

PPC-1 and M21 cells were plated in a white opaque 96-well plate (5,000 cells/well) and 

incubated at 37° C in 5% CO2 atmosphere for 24 h. TBSV-RPARDOX, TBSV-WTDOX and 

free DOX were then added to the wells at a final concentration of 25, 5, 1, 0.2 or 0.04 

μmol/ml of drug. Empty TBSV NPs were also used at the same concentration than for 

DOX-loaded NPs. After 30 min incubation at 37° C, the medium was carefully removed 

and the wells were washed twice with fresh medium and let them grow at 37° C in 5% 

CO2 atmosphere. Cell viability was measured after a period of 48 h using the CellTiter-

Glo® reagent (Promega) following the manufacturer protocol. The EnSight® multimode 

plate reader was used to measure the chemoluminescence of the samples. Data were 

presented as mean ± SD of biological replicates (N=6). 

 

5.2.8 In vivo biodistribution analysis of TBSV 

The animal experiments were done according to protocols approved by Estonian Min-

istry of Agriculture, Committee of Animal Experimentation (project #159). TBSV-RPAR 

or TBSV-WT (200 μg in PBS) were injected into the tail vein of 8-10 weeks-old female 

Balb/c mice. Twenty-four h post i.v. administration the mice were perfused via the left 

ventricle using 20 mL of PBS. Organs were collected and fixed in cold 4% w/v paraform-

aldehyde in PBS at 4° C for 24 h, washed in PBS at room temperature for 1 h and cryo-

protected in 15% w/v and 30% w/v sucrose (Sigma Life Science) at 4° C overnight. Cry-

oprotected and fixed tissues were frozen in optimal cutting temperature compound 

(OCT compound; Leica), cryosectioned at 10μm on Superfrost+ slides (Thermo Fisher 
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Scientific) and stored at -20° C. Air-dried tissue sections were rehydrated in PBS for 10 

min followed by permeabilization in PBS + 0.2% v/v Triton (Triton X-100, AppliChem) 

at RT for 10 min. Tissue slides were washed with PBST [PBS + 0.05% v/v Tween-20 

(Sigma-Aldrich)] and blocked with 1X blocking buffer (5% w/v BSA, 5% v/v FBS and 5% 

v/v goat serum in PBS with 0.05% Tween-20) at RT for 1 h. Primary antibodies diluted 

in 0.2X blocking buffer were added and incubated at 4° C overnight. Incubation with 

secondary antibodies was performed at RT for 30 min, followed by washing and nuclear 

counterstaining with DAPI (1μg/mL in PBS) at RT for 8 min. TBSV NPs were detected 

using rabbit anti-TBSV (dilution 1:200) and Alexa Fluor 647 goat anti-rabbit antibody 

(dilution 1:500, Invitrogen by Thermo Fisher Scientific). The coverslips were mounted 

in Fluoromount-G™ and imaged using Olympus FV1200MPE confocal microscope 

(Olympus Europa SE & Co. KG). 

 

5.2.9 Statistical Analysis 

All quantitative data were presented as mean ± SD and statistical significance (p) was 

calculated by a two-tailed Student’s t-test. All analyses were carried out using GraphPad 

Software. 

  



 

110 

 

5.3 RESULTS 

 

5.3.1 Construction, Production and Purification of wild type (WT) and Chimeric 

TBSV NPs 

TBSV was genetically engineered to display the RPAR peptide as a fusion to the C-ter-

minus of the viral CP. To avoid potential interference with CP folding and virus assem-

bly, a GGPGG linker was inserted between the CP and the peptide (Figure 1a). The 

linker may also provide flexibility to facilitate engagement of the peptide with the cell 

surface receptors [1][3]. Mechanical inoculation of N. benthamiana plants with the in vitro 

transcribed viral RNA resulted in chlorotic vein clearing, a typical symptom of infection 

(Figure 1b). The RNA extracted from infected plants was retro-transcribed, and sequenc-

ing of cDNA PCR fragments confirmed the presence of RPAR peptide and linker- in 

frame with the genomic RNA encoded CP. A second round of infection with tissue ex-

tracts from infected plants was carried out to confirm the genetic stability of the engi-

neered virus. The yield of purified TBSV-RPAR and wild type TBSV (TBSV-WT) NPs 

was ~1 mg/g wet weight. SDS-PAGE and Coomassie Blue staining were used to confirm 

the presence of the viral CP and verify the purity of preparations (Figure 1c). These re-

sults show that the exogenous CP-fused RPAR peptide does not compromise the fitness 

and in planta propagation of the TBSV. 
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Figure 1. Preparation of TBSV-RPAR expression construct and recombinant virus production.  (a)  Ex-

perimental flow-chart: map of the TBSV–WT/RPAR plasmids, RNA inoculum in planta, and pVNPs pu-

rification procedure. The five ORFs [p33 and p92 (RNA-dependent RNA polymerase), p41 (coat protein, 

CP), p22 (movement protein), p19 (silencing inhibitor)] are shown. T7, promoter sequence from T7 phage; 

Nos, terminator sequence of the Agrobacterium tumefaciens nopaline synthase encoding gene; ApaI and 

PacI, restriction sites used for RPAR CP genetic fusion; XmaI, restriction site used for vector linearization; 

striped box, GGPGG linker. (b) N. benthamiana leaves from non-infected plants (left) and after infection 

with TBSV-RPAR (right). (c) SDS-PAGE of TBSV-RPAR NPs. Purified TBSV samples (4 µg per lane) were 

denatured and electrophoretically separated on 4–20% Tris-glycine gel (Bio-Rad), stained with Coomassie 

Blue. TBSV-WT (1), TBSV-RPAR (2), Precision Plus Protein Dual Color Standards (Bio-Rad) (3). The mo-

lecular masses of the marker bands are indicated. Solid arrow indicates monomeric coat protein bands, 

dashed arrows indicate CP dimers and aggregates. 

 

5.3.2 Fluorophore labeling of TBSV NPs 

To design a strategy for covalent coupling of fluorophores to the TBSV capsid the crystal 

structure of TBSV was examined. The lysine residues, suitable for N-hydroxysuccin-

imide (NHS)-ester-based bioconjugation, are on the non-accessible inner surface of the 

capsid and unavailable for conjugation [4][5]. In contrast, 5 cysteine residues, C168, 

C223, C320, C376, and C353, (Figure 2a) are present on the surface of the TBSV capsid. 

Whereas cysteines C356 and C376 form a disulfide bridge, C168, C320 and C223 have 
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free sulfhydryl groups available for bioconjugation. Therefore, fluorescent dye function-

alization was addressed by thiol-malemide bioconjugation using CF555-maleimide, 

TBSV NPs were incubated in the presence of ~3x molar excess of the dye relative to 

available free sulfhydryl groups, followed by ultracentrifugation to remove the free 

CF555 and quantitation of the degree of labeling by UV-visible spectroscopy (Figure 2b). 

Highly efficient labeling was observed for both TBSV-WTCF555 (504 ± 24 dye mole-

cules/particle) and TBSV-RPARCF555 NPs (540 ± 10 dye molecules/particle). SDS-PAGE 

followed by fluorescence gel imaging and subsequent Coomassie blue staining con-

firmed the covalent binding of the CF555 fluorophore to the NPs (Figure 2c). 
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Figure 2. CF555 labeling of the TBSV NPs.  (a) Structure of the CP and the TBSV virions. Left: ribbon 

model of the TBSV CP subunit (GeneBank U80935.1) with cysteine residues indicated. Surface-exposed 

cysteine residues with free sulfhydryl groups (C168, C320 and C223) are highlighted in red. Right : crystal 

structure of the TBSV particle. The 180 CP units are arranged in a T = 3 symmetry with the CP units in a 

representative trimer highlighted in shades of blue. The structural information was retrieved from 

https://www.rcsb.org/, Protein Data Bank file PDB:2TBV. The images were created using UCFS ChimeraX 

software. (b) UV-visible spectra of TBSV-WT and TBSV-RPAR after conjugation with CF555-maleimide. 

(c) SDS-PAGE of TBSV NPs following CF555 labeling. Gel was imaged under fluorescence channel (left) 

and, after Coomassie blue staining, under white light (right). M: Opti-Protein XL molecular weight 

marker; lanes 1-5: 1, 2, 3, 4 and 5 µg/lane BSA; lanes 6 and 7: unlabeled and CF555 -labeled TBSV-WT; 

lanes 8 and 9: unlabeled and CF555-labeled TBSV-RPAR. Solid arrow indicates monomeric coat protein 

bands, dashed arrows indicate CP dimers and aggregates. 

https://www.rcsb.org/


 

114 

 

5.3.3 In vitro binding of TBSV-RPAR to NRP-1 

We next tested the ability of RPAR-functionalized TBSV NPs to interact with NRP-1 

under cell free conditions and with NRP-1 expressed on the cell surface. Recombinant 

b1b2 domain of human NRP-1 (wt-NRP-1), or triple mutant b1b2 with nonfunctional 

CendR binding pocket (mut-NRP-1), were coated on multiwell plates and binding of 

TBSV-RPAR and TBSV-WT was assessed by sandwich ELISA. RPAR functionalization 

of TBSV NPs increased wt-NRP-1 binding ~11 fold. In contrast, in the wells coated with 

the mut-NRP-1, only baseline TBSV-RPAR binding was observed. Furthermore, pre-in-

cubation of wells with a monoclonal anti-NRP-1 antibody, that interferes with the bind-

ing of the CendR ligands to NRP-1 [2], resulted in ~5.5 fold decrease of binding of TBSV-

RPAR (Figure 3a). These cell-free binding studies confirmed the CendR-dependent 

NRP-1 binding of TBSV NPs. Next, we studied the binding of WT and RPAR-coated 

CF555-labeled TBSV NPs to cultured NRP-1 positive PPC-1 prostate cancer cells and 

NRP-1-negative M21 melanoma cells. Flow cytometry demonstrated increased RPAR-

dependent binding of TBSV NPs to PPC1 cells and a very low signal for both peptide-

guided and control NPs in the NRP-1-negative M21 cells (Figure 3b). Preincubation of 

PPC1 cells with the CendR-blocking antibody decreased binding of TBSV-RPAR ~4-fold 

(Figure 3c). 
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Figure 3. TBSV-RPAR NPs interact with recombinant NRP-1 and with cell surface NRP-1. (a) Binding 

of TBSV-RPAR and TBSV-WT to wt-NRP-1 or mut-NRP-1. For TBSV detection using sandwich ELISA, 

primary rabbit anti-TBSV antibody followed by HRP-conjugated anti-rabbit antibody were used, fol-

lowed by chromogenic reaction and quantitation of signal at 450 nm. Cen dR-blocking anti NRP-1 anti-

body reduced TBSV-RPAR binding. **** p < 0.0001 Student’s t -test. (b) Flow cytometry of CF555-labeled 

TBSV-WT and TBSV-RPAR incubated with NRP-1-expressing PPC-1 and NRP-1 negative M21 cells. Cell 

count vs. mean fluorescence and percentage of fluorescent cells are shown. **** p < 0.0001. (c) Effect of 

anti NRP-1 antibody on binding of CF555-labeled TBSV-RPAR to PPC-1 cells. Cell count vs. mean fluo-

rescence and percentage of fluorescent cells after incubation with TBSV -RPARCF555 are shown. **** p < 

0.0001 Student’s t-test. 

 

Binding and internalization of TBSV-WTCF555 and TBSV-RPARCF555 in PPC-1 and M21 

cells was further investigated by confocal microscope imaging. PPC-1 cells showed up-

take of TBSV-RPARCF555 NPs and no binding of TBSV-WTCF555 (Figure 4 a and b). In M21 

cells, no labeling was detected following incubation with both TBSV-WTCF555 and TBSV-

RPARCF555 (Figure 4 c and d). After addition of TBSV-RPARCF555 to the mixed culture of 

Green Fluorescent Protein (GFP)-expressing PPC-1 cells (PPC-1-GFP) and “dark” M21 

cells, the binding of NPs was seen only in NRP-1 positive PPC-1 cells (Figure 4e). 
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Figure 4. TBSV-RPAR NPs target NRP-1-expressing cells.  Confocal microscopy images of PPC-1 or M21 

cells incubated at 37°C for 1h with TBSV-RPARCF555 (panels a and c) or TBSV-WT CF555 (panels b and d). 

Red = TBSV NPNPs; blue = DAPI (nuclei). (e, f) TBSV-RPARCF555 binding to co-culture of PPC-1-GFP and 

M21 cells. TBSV-RPARCF555 are taken up only by GFP-positive PPC-1 cells. Red = TBSV-NPsNPs; blue = 

DAPI (nuclei); green = GFP expressed in PPC-1 cells; white = p32. Panel f is not showing the GFP fluores-

cence channel. Scale bars = 20 µm. 
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In PPC-1 cells, pulse-chase co-localization studies of TBSV-RPAR with the lysosomal 

marker LAMP-1 showed the time-dependent entry of the peptide-guided NPs in the 

endolysosomal pathway (Figure 5). 

 

 

Figure 5. Internalized TBSV-RPAR NPs are routed to LAMP-1-positive lysosomal compartment.  PPC-

1 cells were incubated with TBSV-RPAR for 30 min, washed to remove unbound NPs, and imaged at 30, 

90, and 270 min time points. The cells were stained with lysosomal mar ker LAMP-1 (green), and anti-

TBSV antibody (red). Blue: DAPI (nuclei). Scale bars = 20 µm. The relative co-localization was quantified 

using ImageJ software with the Pearson’s R value shown in the bar chart. **** p < 0.0001 (Student’s t -test). 

 

5.3.4 TBSV-RPAR Loading with DOX and cytotoxicity test in vitro 

Having established that the TBSV-RPAR NPs engage with NRP-1 under cell-free condi-

tions and are internalized in NRP-1-expressing cells, we next studied whether this se-

lectivity translates into increased cytotoxicity for TBSV NPs loaded with a cytotoxic an-

ticancer drug. Doxorubicin (DOX)-loaded TBSV-NPs were prepared using a previously 

developed protocol [3]. DOX was added at 5,000 molar excess to the TBSV-NPs in an 

alkaline swelling buffer containing EDTA to loosen viral capsid to enable entry of the 
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drug. To entrap the drug, the compact state of the viral capsid was re-established by 

restoring the pH and adjusting the Ca2+ and Mg2+ concentration. Free DOX was removed 

from the TBSV samples by a sucrose cushion ultracentrifugation. Similar degree of DOX 

loading was achieved for both types of NPs: 48 ± 12 ng DOX/μg TBSV-WT and 58 ± 6 ng 

DOX/μg TBSV-RPAR, corresponding to 729 ± 181 and 892 ± 92 DOX molecules/virion, 

respectively. The encapsulation efficacy (EE) was 29 and 34%, while the loading capacity 

(LC) was 4.8 and 5.8, respectively. For cellular viability assessment, PPC-1 and M21 cells 

were incubated with DOX-loaded TBSV NPs and free DOX and after 48 h incubation the 

cells were subjected to MTT assay (Figure 6). In PPC1 cells, TBSV-RPARDOX and free 

DOX were significantly more toxic than TBSV-WTDOX. In contrast, in M21 cells the effect 

of TBSV-WTDOX and TBSV-RPARDOX on cell viability was similar and significantly lower 

than the effect of free DOX. These data show that functionalization of the cytotoxic com-

pound-carrying TBSV with the CendR peptide increases the toxic effect the the particles 

on NRP-1 positive cells. 

 

 

Figure 6. Cytotoxic effect of drug-loaded TBSV-NPs. Viability of PPC-1 and M21 cells after 48 h of incu-

bation with different concentration of free DOX or DOX-loaded TBSV-NPs was estimated by MTT assay. 

Data are presented as mean ± SD of biological replicates, N=6. * p = 0.018; ** p = 0.0051; **** p < 0.0001. 

Student’s t-test (TBSV-RPARDOX compared with TBSV-WTDOX and TBSV-RPARDOX compared with free 

DOX). 
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5.3.5 Systemic TBSV-RPAR NPs home to pulmonary tissue 

NRP-1 is widely expressed in normal tissues and organs, including on the luminal side 

of the vascular endothelium. Published studies have shown that after systemic injection, 

NPs guided with CendR peptides show a robust homing to the first-met microvascula-

ture in the pulmonary and cardiac tissues [6][7]. To study whether CendR peptides have 

similar activity when present on TBSV NPs, the biodistribution of TBSV-WT and TBSV-

RPAR in the Balb/c mice following intravenous (iv) administration and 24 h circulation 

was studied. Confocal imaging of TBSV immunoreactivity showed a robust signal in 

pulmonary tissue of TBSV-RPAR-injected mice, and a lower amount of NPs in the lungs 

of TBSV-WT-injected mice (Fig. 7). These data show that RPAR targeted TBSV NPs show 

a lung tropism similar to that of other classes of NPs tested in the past. 

 

 

Figure 7. TBSV-RPAR accumulation in the pulmonary tissue following i.v. administration.  Immuno-

fluorescent localization of TBSV in lung sections of mice i.v. injected with (a) TBSV -RPAR and (b) TBSV-

WT. Scale bars = 100 μm. TBSV fluorescence signal (red) was quantified using ImageJ software and ex-

pressed as mean of fluorescence. Five randomly chosen fields from 3 different animals per group were 

analyzed. Data represent mean ± SD, *** p < 0.001 (Student’s t -test). 
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5.4 DISCUSSION 

Here, we report proof-of-concept studies on targeting of TBSV NPs with prototypic 

CendR peptide, RPAR. We show that the display of RPAR as fusion to the viral CP in-

creases binding of TBSV NPs to recombinant NRP-1, results in their uptake in cultured 

NRP-1 positive cells, and, following systemic administration, promotes their accumula-

tion in the lung microvasculature. We also show cargo loading of the TBSV NPs using 

two strategies: chemical conjugation to the exposed free cysteine residues on the surface 

of the viral capsid via sulfhydryl-maleimide coupling, and a diffusion-based strategy 

for drug loading into the internal cavity of the viral NPs. Collectively, our studies show 

the feasibility of the TBSV-derived precision guided nanocarriers for delivery of imag-

ing agents and therapeutic compounds. In recent years, TBSV has emerged as a versatile 

drug delivery platform. The TBSV capsid is stable and remains intact after incubation 

with human serum at 37° C [8]. Uniform batches of TBSV NPs can be purified from 

infected plants using a well-established protocol. Upon systemic administration, TBSV 

is present in the bloodstream for a longer time (still detectable at 7 days) as compared to 

PVX (disappeared after 48 h) [9]. TBSV NPs can be functionalized through chemical 

modifications, osmotic loading techniques, and genetic engineering [1]. TBSV has been 

employed as a drug delivery platform to medulloblastoma [3]. In this preclinical study, 

doxorubicin-loaded TBSV NPs genetically modified to display tumor homing peptides 

on their external surface were shown to exert antitumor activity in vitro and accumulate 

in the malignant lesions. A potential disadvantage of all plant viruses  is that they are 

generally immunogenic, a challenge that can be addressed by coating the carriers with 

shielding compounds such as polyethylene glycol (PEG) [10][11]. We chose to use hom-

ing peptides as TBSV-guiding modules due to their emerging translational relevance. 

Homing peptides are small (<9 amino acids), show low immunogenicity, are not species 

specific, and have affinity in the range avoiding “binding site barrier” known to limit 

extravasation and tissue penetration of high affinity ligands such as antibodies [12]. In 

particular, CendR targeting module used in the current study for TBSV targeting is pre-
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sent in all tumor penetrating peptides (TPPs), an emerging class of tumor homing pep-

tides with ability to extravasate and penetrate throughout tumor parenchyma. Whereas 

the CendR peptides have been demonstrated to enable targeting of biological phage NPs 

and different synthetic nanoscale scaffolds [13][14][15][16], the structural and physico-

chemical properties of NPs can have a dramatic effect on targetability with affinity lig-

ands. Here, we show that RPAR peptide remains active when displayed on the TBSV 

surface as a C-terminal fusion to the CP. TBSV-RPAR binds to recombinant NRP-1 under 

cell free conditions, is internalized in cultured NRP-1 positive cells, and homes to lung 

microvessels following i.v. administration. The implication of these observations is the 

applicability of the entire TPP family for precision targeting of TBSV NPs, a possibility 

that remains to be rigorously tested in follow-up studies. The homing peptides were 

displayed on the TBSV NPs at 180 copies/32 nm particle (~3.4-fold higher density than 

in the case of 60 nm T7 bacteriophage used for homing peptide discovery at ~200 pep-

tides/60 nm particle). Targeting ligand density is a critical factor affecting the NP recruit-

ment to the target cells and a key determinant of the choice of cellular internalization 

pathway [17]. Somewhat counterintuitively, higher ligand density does not always re-

sult in a more effective targeting [18]. The effect of the relationship of the density of the 

targeting peptides on the TBSV surface and its targeting selectivity remains to be tested 

in the follow-up studies. A majority of nanocarriers are taken up by cells via endocytosis 

and are primarily routed towards lysosomes [19]. In our study, TBSV-RPAR NPs were 

also internalized via the endolysosomal uptake pathway. Lysosomal trafficking has 

been reported for other plant viruses such as the CPMV [20], Physalis Mottle Virus 

(PhMV) [21] and Sesbania Mosaic Virus (SeMV) [22], which, even if belonging to differ-

ent taxonomic families, have similar shape and size as TBSV. Whereas the lysosomal 

delivery of nanocarriers may be useful in the case of certain classes of therapeutics (i.e., 

drugs for treatment of lysosomal storage disorders), the harsh milieu of the lysosomal 

compartment due to low pH and an array of hydrolases capable of breaking down all 

types of biological polymers (proteins, nucleic acids, carbohydrates, and lipids) repre-

sents a barrier to drug delivery. Therefore, strategies aimed at facilitating the endosomal 
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escape of the NPs [23], or their routing to different compartments, are favored. Recently, 

we showed that NRP-1 interacts with endosomal SNX-BAR sorting complex promoting 

exit 1 (ESCPE-1) and that this interaction mediates retrograde trafficking of NPs func-

tionalized with a CendR peptide [24]. Optimization of the TBSV-CendR NPs for prefer-

ential use of retrograde trafficking pathway (i.e., by modulating the density of surface 

peptides) and/or employing endosomal escape promoting strategies (such as adding 

poly-histidines as endosolytic buffering agents) may prove useful in preventing lysoso-

mal routing. 

 

5.5 CONCLUSIONS 

 

Our study demonstrates that CendR peptide-displaying TBSV NPs can specifically in-

teract with NRP-1 receptor and actuate cellular binding and internalization in cultured 

cells, and lung homing and penetration in vivo. CendR-mediated targeting opens appli-

cations for the TBSV-based diagnostic and therapeutic platforms for pulmonary target-

ing and solid tumor delivery. 

 

References are listed in Appendix IV 

Figures have been Created with BioRender.com  
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6. GENERAL CONCLUSIONS AND PERSPECTIVES 

 

In this PhD project a number of strategies to engineer and characterize TBSV NPs for 

targeted drug delivery were successfully implemented for the treatment of Shh-MB, a 

difficult-to-treat pediatric brain tumor. Specifically, we genetically engineered the viral 

surface of TBSV with various tumor-targeting peptides and produced the resulting 

cTBSV NPs on a large scale using N. benthamiana plants. We have also carefully charac-

terized the stability of these particles using several techniques, including SDS gels, trans-

mission electron microscopy, zeta potential analysis, and dynamic light scattering. Im-

portantly, we assessed that genetic modifications do not compromise the integrity or 

behavior of viral particles, thus demonstrating the suitability of these procedures for 

generating cTBSV NPs with tumor targeting properties. We have also developed an in-

novative drug loading protocol that allows for the efficient and controlled internaliza-

tion of DOX molecules into the inner cavity of the viral capsid. This approach was very 

effective in all the different TBSV viral particles tested, demonstrating the reproducibil-

ity and efficiency of the methodology in generating the drug delivery system. In silico 

and in vitro studies confirmed the efficacy of cTBSV viral particles in targeting MB cells 

and their precursors, with stable interactions established between the peptides on the 

viral surface and the overexpressed receptors on tumor cells. Furthermore, by delivering 

the drug through the viral particles, we also observed a significant reduction of DOX 

dose necessary to induce MB cells death in comparison to the dose necessary to obtain 

the same result with free DOX. Moving onto in vivo studies, we tested the most promis-

ing viral chimeras in mice with clear tumor symptoms, observing that among these, 

TBSV-CooP possesses a greater and specific ability to target the MB tumor. These results 

provide further validation of the efficacy of using tumor targeting peptides to guide 

TBSV particles to the tumor site. Finally, we conducted a preclinical study to evaluate 

the therapeutic efficacy of doxorubicin-loaded TBSV-CooP particles. Importantly, we 
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observed that a single dose of DOX-TBSV-CooP can activate the mechanisms of reduc-

tion of cells proliferation and apoptosis, underlying an antitumor effect, whereas multi-

ple doses can delay the progression of MB PNLs, and does not exert any systemic toxic 

side effect. These findings provide a solid basis for future studies and highlight how the 

TBSV plant virus-based targeting and drug delivery platform may be a promising ther-

apeutic approach for the treatment of Shh-MB. 

We also validated the targeting and delivery platform based on a new genetic engi-

neered cTBSV on tumor cells different from MB. In this light a chemical conjugation 

protocol to produce fluorescent TBSV particles was developed and used to investigate 

the mechanisms of cellular internalization. The presence of exposed thiol groups on the 

viral surface allowed the maleimide-based cross-linking reaction to be exploited effi-

ciently; while the cellular internalization process, as already demonstrated for other 

types of plant viruses, seems to follow the endolysosomal pathway.  

Collectively, this project underlines the importance of a multidisciplinary approach, 

bringing together different scientific fields to address complex medical challenges and 

provides valuable insights into the potential use of the TBSV virus to develop an efficient 

drug delivery and targeting platform, not only for the treatment of pediatric brain tu-

mors. In fact, in addition to the ease and speed of production, TBSV offers a large margin 

of manipulation that allows modifications to be made through different strategies, pav-

ing the way for other possible applications. 
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