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Abstract

Peptides are a promising new therapeutic approach for glioblastoma with potential for more 

effective targeting and fewer devastating side effects compared to conventional cancer therapies. 

With the specificity to target receptors which are uniquely or overexpressed on cancer cells as well 

as accurately targeting dysregulated signaling pathways, peptides demonstrate a high potential for 

the treatment of even the most aggressive cancers. By binding to these targets, peptides can be 

used to deliver drugs, serve as antagonists to various ligands, or, given some inherent anticancer 

activity, provide additional treatment options alone or in combination therapy. The highly specific 

targeting capacity of peptides is critical to achieve effective cancer treatment with limited side 

effects, and in preclinical studies peptides have shown to have both cell and blood brain barrier 

penetrating capacity. As tumor targeting peptides move beyond the preclinical setting, 

identification of additional glioblastoma-specific peptide ligands becomes imperative to expand 

the potential of this encouraging treatment strategy.

Introduction

One of the greatest challenges in cancer therapy is to selectively deliver chemotherapeutics 

to the cancer cells, thus achieving therapeutic efficacy while limiting damage to healthy 

tissues. The effective strategy of targeted drug delivery to tumor tissues is based on cellular 

heterogeneity which is characteristic of all organs and tissues including pathological tissues 

such as tumors. One of the biological properties of tumor cells is the expression or 

overexpression of a unique set of proteins or receptors on the cell surface. Activation of 

these receptors often results in deregulated signaling, increased cell proliferation and 

decreased cell apoptosis. In addition, these oncogenic mutations frequently stimulate 

invasion of tumor cells to neighboring tissues, tumor angiogenesis, migration and metastasis. 

Selective targeting of these tumor-specific receptors provides the opportunity for targeted 

drug delivery. Several types of tumor targeting ligands have been developed including 

antibodies, antibody fragments, polypeptides, small molecules, and others. In clinics, one of 

the most widely used tumor targeting ligands is an antibody. Antibodies can efficiently target 
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the antigens that are overexpressed by cancer cells and deliver anticancer drugs specifically 

to the tumor tissue. However, some deficiencies of antibodies – such as limited stability in 
vivo, slow diffusion into the tumor tissue and high cost of production – limit their clinical 

use. Tumor-targeting peptides are an efficient alternative for selective targeting of tumor-

specific receptors. Compared to antibodies, tumor-targeting peptides have better tumor/

tissue penetration and are easy to synthesize and modify chemically to improve stability and 

pharmacokinetics. These peptides can be used for imaging and cancer diagnostics and also 

for targeted drug delivery. Furthermore, some peptides may be designed to have the ability 

to kill cancer cells and inhibit tumor progression.

GBM morphology and current treatment

Glioblastoma is an aggressive and lethal brain tumor characterized by the presence of poorly 

differentiated anaplastic cells surrounded by necrotic areas of brain tissue. Standard 

glioblastoma treatment includes surgical resection followed by radiotherapy and 

chemotherapy including temozolomide. However, these highly heterogenous tumors grow 

rapidly, invading and infiltrating neighboring healthy brain tissues, making complete tumor 

resection difficult. Tumor cells that escape surgical removal initiate formation of secondary 

glioblastoma lesions and tumor recurrence, which are more resistant to chemotherapy and 

radiotherapy than rapidly proliferating primary tumors. In addition to tumor recurrence and 

radioresistance and chemoresistance, treatment of glioblastoma is particularly challenging 

due to inability of drugs to cross the blood brain barrier (BBB) and pass through the blood 

brain tumor barrier (BBTB) which is formed in later stages of tumor growth. Although 

significant improvements in the development of drug nanocarriers – such as dendrimers, 

micelles and polymer-based nanoparticles – have been made, challenges in targeting 

glioblastoma cells remain.

Peptides

Peptides that are used for the targeted delivery of therapeu-ticagents canbe divided intothree 

distinct categories:tumor homing peptides, peptides targeting aberrant cellular signaling 

pathways and cell penetrating peptides (Figure 1).

Tumor homing peptides selectively bind to the molecules specifically expressed or 

overexpressed on the cell surface of the cancer cells. Binding of some of these peptides can 

also enhance or antagonize signal transduction pathways in cancer cells or tumor tissues.

Peptides targeting aberrant cellular signaling pathways have been identified that have the 

ability to regulate oncogenic signaling pathways that govern cancer cell function, evasion of 

apoptosis, and increased proliferation. Therefore, well-designed peptides and their 

derivatives can be incorporated into drug delivery systems and specifically target the diverse 

molecular pathways in tumor microenvironments with increased selectivity resulting in 

improved tumor therapy.

Cell penetrating peptides (CPPs) are short peptides derived from insect, viral or mammalian 

proteins that have the ability to pass through the cell membrane. These peptides can be 

covalently coupled to various drug carriers and used for the targeted delivery of drugs, 
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imaging agents, oligonucleotides, nanoparticles and liposomes to the specific molecular 

targets inside cancer cells.

Tumor homing peptides

Proteomic and genomic studies have shown that glioblas-tomas have increased expression of 

specific proteins on the cell surface compared to normal brain tissues [1••]. These proteins 

regulate protein synthesis, cellular movement and various cellular functions important in 

glioblas-toma progression. Furthermore, these membrane proteins are also involved in 

receptor-mediated endocytosis, signaling, and transcytosis, which is the essential route for 

transport of proteins and large molecules across the blood brain barrier (BBB). Therefore, 

peptides can be designed to target specific receptors and facilitate the transport of drugs or 

nanocarriers across the BBB.

One of the receptors that is overexpressed in glioblastoma cells is low density lipoprotein 

receptor related protein (LRP). LRP is a multifunctional receptor for natural ligands that 

binds receptor-associated protein (RAP), human melanotransferrin (p97), lactoferrin [2], and 

synthetic peptides, such as peptide analogue of ApoE3 [3] and angiopep-2 (ANG) [4]. 

Angiopep-2 was used to modify polyethylene glycol-based nanoparticles (PEG-NP) loaded 

with paclitaxel (ANG-PEG-NP-PTX) [5]. The in vivo antitumor efficacy studies have shown 

that ANG-PEG-NP-PTX reduces tumor size two-fold as compared to Taxol and PEG-NP 

[6]. The clinical potential of ANG-PEG-NP-PTX for glioma treatment was confirmed in 

survival studies which showed that survival time of ANG-PEG-NP-PTX-treated animals was 

37 days, significantly longer than that of mice treated with PEG-NP-PTX (30 days), 

Paclitaxel (25 days) or saline (22 days). ANG conjugated with PTX, also known as 

ANG1005, was already evaluated in clinical trials for recurrent malignant gliomas and for 

brain metastases from advanced breast cancer [7]. To transport small molecule drugs and 

genetic material to the brain, ANG has been conjugated to various carriers (summarized in 

Table 1).

Another class of glioma specific peptides were identified while studying glioma-specific 

chloride channels. It was determined that these channels are preferentially expressed in 

glioblastoma and that high-grade tumors display more of this channel type than low tumor 

grades. The first peptide that was identified to bind specifically to these channels was 

chlorotoxin, a 36-amino acid peptide identified from the venom of the scorpion Leiurus 
quin-questriatus [8]. Using a recombinant chlorotoxin, it was soon discovered that 

chlorotoxin has a high affinity for surface-bound matrix metalloproteinase-2 (MMP-2) iso-

forms, which are highly expressed in glioblastomas, but normally not expressed in brain 

tissue. Targeting properties of chlorotoxin to glioblastomas were demonstrated for the 

delivery of several anticancer agents (see Table 1).

Interleukin-13 receptor α2 (IL-13Rα2) is a glioblastoma-associated plasma membrane 

receptor, which is expressed in 75% of glioblastomas, but absent in normal brain tissue, 

making it a potential therapeutic target for glioblastoma treatment. IL-13Rα2-targeting 

peptide, peptide-1 linear (Pep-1L) was designed to function as a molecular scaffold 

specifically targeting IL-13Rα2 expressing glioblastoma cells. In vivo studies confirmed that 
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intravenously injected cy5.5 conjugated Pep-1L or [64Cu] Pep-1L in mice accumulates in 

glioblastoma, specifically binding IL-13Rα2 [9,10]. Pep-1L conjugated to cytotoxic a-

particle emitting radioisotopes and Pep-1L-decorated paclitaxel-particle drug delivery 

systems exhibited remarkable anti-glioblastoma efficacy with an extended median survival 

time in mice [11•,12].

There are many other peptides that bind to various glioblastoma specific targets, such as 

vascular endothelial growth factor receptor 2 (VEGFR-2), epidermal growth factor receptor 

(EGFR), and others reviewed elsewhere in this issue.

Peptides targeting aberrant cellular signaling pathways

Glioblastomas are very heterogeneous and have a complex pathogenesis that involves 

alterations and/or mutations of some key cellular signaling pathways involved in cell 

proliferation, apoptosis, migration, invasion, and angiogenesis. Therefore, using peptides 

targeted to over-expressed oncogenes or signaling molecules involved in regulation of these 

aberrant pathways provides a promising therapeutic strategy for glioblastoma treatment. In 

this review, we focus on therapeutic peptides that inhibit specific molecular pathways in 

glioblastoma and have anticancer activity themselves.

One of the hallmarks of cancer is cellular signaling reprogramming, resulting in evasion of 

apoptosis, promoting proliferation and survival, and facilitating tumor development and 

metastasis. The voltage-dependent anion channel 1 (VDAC1), which is overexpressed in 

glioblastoma cells, plays a key role in cell energy metabolism, regulates mitochondria-

mediated apoptosis by interacting with anti-apoptotic proteins, and protects glioblastoma 

cells from cell death [13,14]. Shteinfer-Kuzmine et al. [15•] designed VDAC1-based 

peptides targeting these interactions, thereby inhibiting the anti-apoptotic effects of these 

proteins, activating mitochondria-mediated pathways, and inducing apoptosis. They 

demonstrated that VDAC-1 based peptides that were conjugated to transferrin receptor or 

CPP strongly inhibit tumor growth in the orthotopic glioblastoma mouse model.

Another example of aberrant signaling in glioblastoma includes constitutive activation of the 

NF-kB pathway, which has been shown to promote cell proliferation, angiogenesis, tumor 

growth, and survival [16]. To target the NF-κB pathway, Friedmann-Morvinski et al. [17] 

designed a peptide targeting NEMO [called NEMO-binding domain (NBD)] that blocks the 

interaction of NEMO with the IKK (IκB)-kinase complex, and inhibits NF-κB activity. 

NBD treatment slowed tumor growth in mouse and human glioblastoma models and 

extended survival time from 30 to more than 50 days in mice, confirming that the NF-κB 

pathway is a promising target for glioblastoma treatment.

Other preclinical evaluations include peptides which target c-Myc, a transcriptional regulator 

that controls cell growth, proliferation, apoptosis, and tumorigenesis. It has been found that 

deregulated c-Myc expression correlates with the grade of malignancy and that glioma 

cancer stem cells express c-Myc at much higher levels than non-stem cells [18,19]. To 

inhibit the c-Myc pathway, a peptide derived from helix 1 (H1) of the helix-loop-helix 

region of c-Myc (H1) [20], which inhibits the c-Myc signaling pathway, was fused with a 
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cell penetrating peptide and thermo-responsive elastin-like polypeptide (ELP) [21]. When 

this cell penetrating peptide ELP-H1 (CPP-ELP-H1) was combined with focused 

hyperthermia of the intracerebral gliomas in vivo, an 80% reduction in tumor volume and at 

least double the median survival time with full regression in 80% of animals were attained.

Cell penetrating peptides

The BBB and cell plasma membrane are impermeable to therapeutic macromolecules due to 

the large size and inherently poor penetration capabilities of these molecules. These 

limitations can be addressed by incorporating CPPs, which promote crossing the BBB and 

plasma membrane, into peptide-based drug delivery systems. Numerous preclinical studies 

with CPP-based drug delivery systems demonstrated the efficacy in various cancer models, 

including glioblastoma.

CPPs, derived from human immunodeficiency virus type1 (HIV-1) transcriptional activator 

TAT protein (TAT), were conjugated to polyamidoamine (PAMAM) dendrimers loaded with 

siRNA and demonstrated enhanced therapeutic effect of siRNA in vivo [22]. That TAT can 

deliver genetic material was further confirmed in studies by Gupta et al. [23] which 

demonstrated that TAT decorated liposomes can efficiently deliver a plasmid encoding green 

fluorescent protein (pEGFP-N1) to intracranial human brain tumor xenografts in nude mice.

Other in vivo studies demonstrated that SynB1 CPPs, derived from natural peptides called 

protegrins, and Antennapedia homeodomain-derived penetratin peptide (Antp), can enhance 

the delivery of the anticancer drug doxorubicin across the BBB, indicating their therapeutic 

potential for glioblastoma treatment [24,25]. While CPPs are capable of transporting into 

cells a wide variety of cargoes, there is still concern about the non-specificity of CPP. 

Specificity of CPP-derived therapeutics can be improved by combining them with tumor 

homing ligands or other targeted delivery systems, therefore, ensuring efficient and selective 

drug delivery.

Conclusion and perspective

This review has focused on the application of peptides that not only bind to receptors 

specifically expressed on cancer cells and peptides targeting aberrant cellular signaling 

pathways, but also on peptides that demonstrate a high capacity to deliver cargo into tumor 

cells and penetrate the BBB, with a specific focus on glioblastoma. Cancer cell targeting 

peptides provide excellent means for the delivery of a variety of anticancer therapeutics, 

such as small molecule drugs, oligonucleotides, radio-nucleotides, cytotoxic peptides, and 

others. While peptide-mediated drug delivery increases the efficacy of cancer treatment and 

decreases side effects in healthy tissues, there are still some limitations, such as stability in 

circulation, and, in the case of CPPs, non-specificity, since the CPP will be likely taken up 

by circulating blood cells before it reaches the tumor site. Stability of the peptides can be 

improved by chemical modification or conjugation of the peptides with macromolecules and 

nanocarriers that will make them resistant to proteolytic degradation. One of the possibilities 

to improve the specificity of CPP-based therapeutics is to conjugate them with tumor 

homing peptides, which are meant to target cells or tissue-specific receptors. This is 

Raucher Page 5

Curr Opin Pharmacol. Author manuscript; available in PMC 2020 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



especially important – and challenging – in the treatment of glioblastomas, which are 

difficult to treat because of their heterogeneity. Despite great advances and successful 

clinical applications of some peptides for cancer treatment, there is a need for identification 

of additional glioblastoma-specific peptide-ligands. In the future, peptide targets could be 

identified based on the molecular and genetic profile of an individual patient, allowing for a 

personalized, targeted approach with fewer of the devastating side effects of standard cancer 

therapies.
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Figure 1. 
Peptides used for the targeted delivery of therapeutic agents. (a) Tumor homing peptides 

carrying a therapeutic load bind to the specific receptors on the cell surface and are 

endocytosed; drugs are released from endosomes inducing cell death or inhibiting DNA 

duplication; (b) Peptides targeting aberrant cellular signaling pathways are often conjugated 

with CPP and, after internalization, inhibit protein–protein interaction and DNA 

transcription, or cause cell death with some other mechanism; (c) Cell penetrating peptides 

are covalently coupled to various drug carriers and used for the targeted delivery of drugs.
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