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Abstract
Anticancer peptides (ACPs) are cationic 
amphipathic peptides that bind to and kill can-
cer cells either by a direct- or indirect-acting 
mechanism. ACPs provide a novel treatment 
strategy, and selected ACPs are currently in 
phase I clinical trials to examine their safety 
and overall benefit in cancer patients. 
Increasing the selectivity of ACPs is important 
so that these peptides kill cancer cells without 
harming normal cells. Peptide sequence modi-
fications may help to improve ACP selectivity. 
ACPs also have immune-modulatory effects, 
including the release of danger signals from 
dying cancer cells, induction of chemokine 
genes, increasing T-cell immune responses, 
and inhibiting T regulatory cells. These effects 
ultimately increase the potential for an effec-
tive anticancer immune response that may 
contribute to long-term benefits and increased 

patient survival. Packaging ACPs in nanopar-
ticles or fusogenic liposomes may be benefi-
cial for increasing ACP half-life and enhancing 
the delivery of ACPs to tumor target cells. 
Additionally, engineering ACP-producing 
oncolytic viruses may be an effective future 
treatment strategy. Overall research in this 
area has been slow to progress, but with ongo-
ing ACP-based clinical trials, the potential for 
ACPs in cancer treatments is closer to being 
realized. The integration of basic research 
with computer modeling of ACPs is predicted 
to substantially advance this field of research.
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9.1  Introduction

9.1.1  Anticancer Therapies 
and the Need for Alternative 
Treatment Strategies

Despite decades of research and progress in the 
field of cancer therapy, conventional chemother-
apy remains the most commonly used treatment 
modality for most cancers. Chemotherapy func-
tions by indiscriminately killing rapidly dividing 
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cells. As a consequence of this mechanism of 
action, chemotherapy cannot discriminate nor-
mal proliferating cells from cancer cells, and as a 
result, it is unable to target indolent or dormant 
cancers (Donnelly 2004; Naumov et  al. 2003). 
Furthermore, the acquisition by cancer cells of a 
chemo-resistant phenotype further reduces the 
therapeutic value of chemotherapeutic com-
pounds (Bush and Li 2002). Importantly, certain 
chemotherapeutic compounds (e.g., cyclophos-
phamide) are associated with the development of 
secondary malignancies (Choi et al. 2014). This 
issue is particularly problematic in pediatric can-
cers in which secondary malignancies, as well as 
lifelong consequences of toxicities, represent the 
most severe long-term complications of chemo-
therapy (Kebudi and Ozdemir 2017). For exam-
ple, alkylating agents (e.g., cyclophosphamide 
and ifosfamide) are commonly used to treat pedi-
atric hematologic malignancies and solid tumors 
and as preconditioning treatment regimens for 
hematopoietic stem cell transplantation (Choi 
et  al. 2014). However, these same drugs are 
known to cause therapy-related acute myeloge-
nous leukemia (Thirman and Larson 1996). To 
address the many limitations of chemotherapy, 
significant research efforts over the last decade 
led to the identification of “targeted therapies” 
(e.g., trastuzumab) that function by selectively 
targeting and killing cancer cells while sparing 
normal healthy cells, regardless of their rate of 
growth. Unfortunately, cancer cell resistance to 
these targeted therapies was reported shortly after 
their introduction to the clinic (Nagy et al. 2005).

Researchers and clinicians alike are now rec-
ognizing that novel treatment strategies harness-
ing the power of the immune system may lead to 
improved clinical outcomes. Indeed, the use of 
neutralizing antibodies targeting the immune 
checkpoints cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4; e.g., ipilimumab) and pro-
grammed cell death protein 1 (PD-1; e.g., pem-
brolizumab and nivolumab) has enjoyed 
considerable clinical success (Seidel et al. 2018; 
Jean et al. 2017; Furue et al. 2018). These thera-
pies are now used as first- and second-line thera-
pies for the treatment of inoperable advanced 
melanoma and non-small cell lung cancer, 

respectively. However, these therapies are not 
without side effects (e.g., severe diarrhea, colitis, 
inflammation pneumonitis), and patients with 
advanced disease often do not respond to treat-
ment or relapse thereafter (Seidel et  al. 2018; 
Jean et  al. 2017; Furue et  al. 2018; Pillai et  al. 
2018). Collectively, these issues highlight the 
ongoing need for novel, broad-spectrum antican-
cer compounds capable of selectively killing can-
cer cells. Ideally, these new therapies would also 
harness the power of the immune system by initi-
ating protective antitumor immune responses in 
patients.

9.1.2  Anticancer Peptides

Cationic anticancer peptides (ACPs) represent a 
promising alternative to conventional chemother-
apy. ACPs are small peptides that contain several 
cationic and hydrophobic amino acids, giving 
them an overall positive charge and amphipathic 
structure (Hoskin and Ramamoorthy 2008). Most 
ACPs are inherently antimicrobial in nature. In 
fact, cationic peptides isolated from various 
organisms were historically assessed for antimi-
crobial activities and were studied as such prior 
to their first being described as potent anticancer 
agents in 1985 (Sheu et al. 1985). In addition to 
their antimicrobial and anticancer activities, 
these so-called host defense peptides (HDPs) 
exhibit many other biological properties, includ-
ing antiviral (Wang et  al. 2008; Bergman et  al. 
2007), anti-biofilm (Overhage et al. 2008; de la 
Fuente-Núñez et  al. 2012), wound healing 
(Steinstraesser et al. 2012), anti-parasitic (Couto 
et  al. 2018), adjuvant (Kindrachuk et  al. 2009), 
and immune-modulatory activities (Madera and 
Hancock 2012; Nijnik et  al. 2010) (Fig.  9.1). 
Peptides are ideal drug candidates due to their 
low cost of production, the ease with which they 
can be modified, and relatively high tissue pene-
tration (e.g., compared to antibody-based thera-
pies) (Soman et al. 2009; Richardson et al. 2009; 
Hilchie et al. 2012, 2013a, 2015).

ACPs are often classified based on the struc-
ture that they adopt upon contact with a biologi-
cal membrane. Three main classes exist, namely, 
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α-helical (e.g., magainin  - Baker et  al. 1993; 
Nguyen et  al. 2011), β-sheet (e.g., lactoferri-
cin - Nguyen et al. 2011; Mader et al. 2005), and 
extended (e.g., LfcinB6 - Richardson et al. 2009; 
Nguyen et al. 2011). These structures, which are 
all amphipathic in nature, typically consist of a 
predominantly cationic face and a hydrophobic 
face. This is necessary to facilitate peptide inter-
action with the target cell. ACPs can also be clas-
sified on the basis of their mechanism of action, 
of which two classes exist: direct-acting (i.e., 
lytic) or indirect-acting (i.e., apoptosis-inducing) 
(Hilchie and Hoskin 2010), both of which will be 
discussed in further detail in Sect. 9.2.

9.1.3  Advantages of ACPs 
Over Conventional 
Chemotherapy

Due to their unique mechanism of action, ACPs, 
and particularly direct-acting ACPs (DAAs), have 
many advantages over conventional chemother-
apy. Unlike conventional chemotherapy, many 
ACPs kill slow-growing as well as multidrug- 

resistant (MDR) cancer cells (Hilchie et al. 2011; 
Kim et  al. 2003; Johnstone et  al. 2000). Several 
different peptides, including the pleurocidin NRC-
03, act as chemosensitizing agents by reducing the 
EC50 of several different chemotherapeutic drugs 
(Hilchie et  al. 2011; Kim et  al. 2003; Johnstone 
et al. 2000; Hui et al. 2002). These chemosensitiz-
ing activities suggest that ACPs may work in a 
synergistic fashion with conventional anticancer 
drugs. Indeed, we recently showed that the wasp 
venom peptide mastoparan synergizes with che-
motherapeutic compounds both in  vitro and 
in vivo (Hilchie et al. 2016). Many ACPs, includ-
ing DAAs, destroy primary tumors and their 
metastases without causing undue harm to normal 
tissues (Hansel et al. 2007). Moreover, preclinical 
studies show that DAAs exert antitumor effects 
when delivered by intratumoral, intraperitoneal, or 
intravenous injection (Hilchie et  al. 2016; Berge 
et al. 2010; Camilio et al. 2014a). Importantly, the 
work of others shows that, in addition to their abil-
ity to destroy the primary tumor, certain DAAs 
initiate an antitumor immune response that pro-
tects the mouse from tumor rechallenge (Berge 
et al. 2010; Camilio et al. 2014a). These activities 
will be discussed in more detail in Sect. 9.3. 
Furthermore, tumor resistance to DAAs is pre-
dicted to be difficult to achieve because DAAs do 
not rely on unique receptors or a specific signal 
transduction pathway for their action. Indeed, we 
investigated cancer cell resistance to DAAs and 
found that continuous exposure (i.e., more than 
1 year) to increasing concentrations of ACPs only 
generated cancer cells with low-level resistance to 
lytic peptides (manuscript in preparation). 
Importantly, these peptide-resistant cancer cells 
maintained susceptibility to chemotherapeutic 
drugs and, to our surprise, were unable to establish 
tumors in immune-deficient mice.

9.1.4  Limitations to the Clinical Use 
of ACPs

Until recently, the clinical use of ACPs was lim-
ited by their high cost of production. However, 
since their discovery as novel anticancer agents 
(Sheu et al. 1985), the cost of producing peptides 

Anti-microbial

Anti-cancer Immune-
modulatory

Fig. 9.1 Biological activity of cationic amphipathic 
peptides. Cationic amphipathic peptides may exhibit any 
combination of anti-microbial, anti-cancer, or immune- 
modulatory properties. While many still refer to anti- 
cancer peptides as cationic antimicrobial peptides, or host 
defense peptides (i.e., immune-modulatory peptides), it is 
important to appreciate that these biological activities 
may be completely independent of each other, and thus 
should be examined on an individual basis
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at high purity (i.e., >95%) by high-performance 
liquid chromatography (HPLC) has undergone a 
substantial decline. Moreover, the cost of synthe-
sizing large amounts of good manufacturing 
practice (GMP)-grade peptide is declining as 
more and more peptide synthesis companies 
enter the marketplace. The use of recombinant 
technology, which is a useful method for synthe-
sizing large amounts of peptides, has to date been 
very difficult because most ACPs exhibit antimi-
crobial activities (Greenshields et  al. 2008). To 
address this issue, Ishida et al. recently developed 
a unique method whereby calmodulin is used as a 
carrier protein to express several different antimi-
crobial peptides (Ishida et  al. 2016). In this 
approach, the toxic (i.e., antimicrobial) activities 
are masked, and the peptide is protected from 
degradation during peptide expression and purifi-
cation. Others have taken an alternate approach 
of identifying truncated forms of the parent pep-
tide that maintain their biological activities 
(Richardson et  al. 2009; Mader et  al. 2005). 
Moreover, identifying combinations of ACPs and 
chemotherapeutic compounds that synergize 
in  vivo is expected to reduce the dose of each 
compound that is required for a biological effect, 
thereby reducing any treatment-related toxicities 
and overall treatment cost. Collectively, these 
research endeavors, as well as a competitive mar-
ketplace, significantly reduce the financial bur-
den of novel peptide-based therapies.

One of the most significant shortcomings of 
ACP-based therapies is their toxicity to normal 
cells at high peptide concentrations. Many 
research groups have attempted to reduce off- 
target toxicity by adding a targeting sequence to 
their peptide of choice (Liu et al. 2011; Zitzmann 
et al. 2002; Leuschner and Hansel 2004). To this 
end, small targeting moieties that interact with 
specific cell surface molecules overexpressed on 
cancer cells are added to the peptide of interest, 
typically using a glycine-glycine linker. To date, 
this strategy, which will be discussed in more 
detail in Sect. 9.5.1, has shown mixed results. It 
is important to note that this strategy increases 
the cost of production, as synthesis costs are 

directly proportional to peptide length, and 
requires that the tumor cells maintain expression 
of the receptor with which the targeted peptide 
interacts. As an alternative strategy, amino acid 
substitution has been used to reduce peptide tox-
icity to normal cells (Dennison et al. 2006; Yang 
et al. 2003; Eliassen et al. 2003). This approach 
typically involves modifying simple peptide 
characteristics, such as charge and/or hydropho-
bicity, as these are known to be required for tox-
icity to tumor cells; however, the structural basis 
for selective cancer cell killing by ACPs is still 
poorly understood. We will further discuss this 
approach in Sect. 9.5.2.

The in vivo stability of peptides is a significant 
shortcoming of many ACP-based therapeutics. 
Unpublished work by the Hancock group sug-
gests that small cationic peptides rapidly distrib-
ute to all tissues in the body and possess a half-life 
of approximately 2 min in the blood (discussed in 
Hilchie et al. 2013a). While many see this as an 
issue, others argue that this problem is negated by 
the speed with which many different ACPs exert 
their toxic effects to cancer cells and that, by lim-
iting peptide half-life, the likelihood of off-target 
toxicities is also reduced. Nevertheless, there are 
several reports that peptidomimetics show 
improved stability in  vitro. Moreover, various 
nanoparticle-based delivery strategies show con-
siderable promise. These strategies will be dis-
cussed in further detail in Sects. 9.4.1 and 9.4.2.

In our opinion, the biggest issue facing ACP- 
based therapies is the loss of momentum that this 
field of research is experiencing. Time and time 
again, researchers identify new ACPs and 
describe their mechanism of action and perhaps 
their spectrum of activity (i.e., which cancer cell 
types are susceptible to peptide-mediated kill-
ing); however, there is little follow-up work. 
Thus, with few exceptions, little has been done to 
thoughtfully address the shortcomings of ACP- 
based therapies. Here, our aim is to describe the 
anticancer potential of these molecules and their 
mechanism(s) of action and discuss ways in 
which momentum can be regained in an other-
wise promising field of research.

A. L. Hilchie et al.
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9.2  Direct-Acting 
Versus Indirect-Acting ACPs

ACPs are classified as direct- or indirect-acting 
based on their mechanism of action (Hilchie and 
Hoskin 2010). DAAs bind to and kill cancer cells 
by causing irreparable membrane damage fol-
lowed by cell lysis (Fig. 9.2). In contrast, expo-
sure to indirect-acting ACPs results in cell death 
by apoptosis, which occurs in the absence of 
extensive membrane damage.

DAAs do not require access to the cytosol in 
order to kill the cell. As a consequence of this, 
DAAs have many advantages over conventional 
chemotherapy (see Sect. 9.1.3). DAAs tend to be 
highly potent and maintain a relatively broad 
spectrum of activity (i.e., kill a wide variety of 
cancer cells) in comparison to indirect-acting 
ACPs. Indirect-acting ACPs tend to be less potent 
than DAAs, and they often target mitochondria, 
thereby killing cancer cells by initiating 
mitochondrial- dependent (i.e., intrinsic) apopto-
sis (Mader et al. 2005; de Azevedo et al. 2015). 
While these two mechanisms vary considerably, 

both are initiated by the selective binding of 
ACPs to cancer cell membranes.

9.2.1  Factors That Contribute 
to Selective Peptide Binding 
to Cancer Cell Membranes

ACPs are thought to selectively bind to cancer cell 
membranes because of differences in membrane 
composition (i.e., charge), surface area, trans-
membrane potential, and membrane fluidity 
(reviewed in (Hoskin and Ramamoorthy 2008; 
Hilchie and Hoskin 2010; Mader and Hoskin 
2006; Yeaman and Yount 2003; Bhutia and Maiti 
2008; Giuliani et al. 2007)). To our knowledge, no 
study has definitively elucidated the mechanism 
by which ACPs selectively bind to cancer cell 
membranes. However, experts agree that mem-
brane composition (i.e., charge) appears to be the 
most significant factor in this process. Thus, we 
will limit our discussion to the importance of 
membrane composition, as the other factors have 
been reviewed elsewhere (Hoskin and 

Fig. 9.2 Direct-acting 
ACPs rapidly lyse 
human multiple 
myeloma cells. 
MPLfcinB6 (50 μM) or 
its vehicle control were 
added to U226 human 
multiple myeloma cells 
for 2 h. The cells were 
subsequently fixed, 
processed, and 
visualized by scanning 
electron microscopy. 
The top and bottom 
images were captured 
under 7000 and 40,000× 
magnification, 
respectively
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Ramamoorthy 2008; Hilchie and Hoskin 2010; 
Mader and Hoskin 2006; Yeaman and Yount 2003; 
Bhutia and Maiti 2008; Giuliani et al. 2007).

Owing to the presence of zwitterionic phos-
phatidylcholine, phosphatidylethanolamine, and 
sphingomyelin, normal cell membranes are neu-
tral in charge (Zachowski 1993). In contrast, the 
outer membrane leaflet of cancer cells carries a 
net negative charge due to increased levels of 
anionic phosphatidylserine, O-glycosylated 
mucins, heparan and chondroitin sulfate proteo-
glycans, and sialylated glycoproteins (Utsugi 
et al. 1991; Bafna et al. 2010; Koo et al. 2008; 
van Beek et al. 1973; Iida et al. 1996). Collectively, 
these differences are thought to contribute to the 
selective attraction of ACPs to cancer cell mem-
branes. Following the initial stages of peptide 
binding, ACPs are thought to anchor to the mem-
brane via insertion of hydrophobic residues into 
the hydrophobic core of the plasma membrane 
(Hoskin and Ramamoorthy 2008; Hilchie and 
Hoskin 2010; Mader and Hoskin 2006; Yeaman 
and Yount 2003; Bhutia and Maiti 2008; Giuliani 
et al. 2007). Once the peptide is securely bound 
to the membrane, it either causes membrane 
instability followed by pore formation and cell 
lysis (DAAs), or it penetrates into the cytoplasm 
without  substantially damaging the membrane, 
wherein the peptide initiates apoptosis (indirect- 
acting ACPs). There are several different models 
to describe how ACPs cause membrane instabil-
ity. These models are thoughtfully described 
elsewhere (Nguyen et al. 2011).

Many studies have used artificial membranes 
as model systems to show that peptide binding 
and membrane perturbation are influenced by the 
lipid content of membranes (Gazit et  al. 1995; 
Matsuzaki et  al. 1989). However, it is consider-
ably more difficult to determine the factors that 
are involved in ACP binding to eukaryotic mem-
branes due to the complexity of the membrane. 
We demonstrated that the DAAs NRC-03 and 
NRC-07 exhibit 100- and 50-fold, respectively, 
greater binding to breast cancer cells than to nor-
mal untransformed fibroblasts (Hilchie et  al. 
2011). In this case, peptide binding was influ-
enced by, but not dependent on, several different 

anionic surface molecules. Our own work revealed 
that hundreds of genes are differentially expressed 
in cancer cells that are refractory to these DAAs 
(manuscript in preparation). Importantly, these 
factors appear to influence the toxicity of several 
DAAs, suggesting a common mechanism of 
membrane perturbation. Further to this, decreased 
susceptibility to these DAAs impacted the tumori-
genicity of the malignant cells. This work also 
suggests that dozens of components of the extra-
cellular matrix are likely involved in peptide bind-
ing to, and disruption of, the target cell membrane. 
It is clear that we are only beginning to compre-
hend the complexity of this process.

9.2.2  Factors That Influence 
the Mechanism of ACP- 
Mediated Anticancer Activity

To our knowledge, there is no evidence to suggest 
that specific structural determinants are respon-
sible for rendering an ACP direct-acting or 
indirect- acting. Interestingly, in select cases, the 
mechanism of peptide-mediated cytotoxicity is 
dependent on the cancer cell line under investiga-
tion. For instance, bovine lactoferricin induces 
apoptosis in human leukemia, lymphoma, and 
breast cancer cells (Mader et  al. 2005; Furlong 
et  al. 2010; Furlong et  al. 2006), whereas the 
same ACP is lytic to fibrosarcoma, melanoma, 
colorectal cancer, and neuroblastoma cells 
(Eliassen et  al. 2002; Eliassen et  al. 2006). In 
other cases, ACPs may be selectively toxic for 
one cancer cell type but devoid of effects on 
another cancer cell type. For example, the ACP 
MPLfcinB6 selectively lyses leukemia and lym-
phoma cells (Hilchie et al. 2013b) but is not cyto-
toxic for breast cancer cells (unpublished). This 
may be the result of many fundamental differ-
ences in the complexity of the membranes of 
these different types of cancer cells, as we consis-
tently note that cancer cells in suspension (e.g., 
Jurkat T leukemia cells) are much more suscep-
tible to killing by ACPs than are cancer cells 
grown as monolayers (e.g., MDA-MB-231 breast 
carcinoma cells). For instance, the pleurocidins 
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NRC-03 and NRC-07, as well as the wasp venom 
peptide mastoparan, are roughly two- to fourfold 
more toxic to leukemia and myeloma cells than 
they are to breast carcinoma cells (Hilchie et al. 
2011, 2013c, 2016). These findings are further 
supported by our ongoing quantitative structure/
activity relationship studies, which are discussed 
briefly in Sect. 9.5.2.

As ACPs are small amphipathic molecules 
with defined secondary structures, it stands to 
reason that alterations in the amino acid compo-
sition of ACPs may affect their potency and 
mechanism of action. While this has not been 
studied extensively, we recently noted a striking 
difference in the mechanism of action of masto-
paran by simple C-terminal amidation. Others 
have shown that unamidated mastoparan kills 
cancer cells by induction of apoptosis; in con-
trast, we showed that mastoparan that incorpo-
rates a C-terminal amide is much more potent 
and kills cancer cells by inducing cell lysis 
(Hilchie et  al. 2016; de Azevedo et  al. 2015). 
This finding not only demonstrates the impor-
tance of the primary amino acid sequence in 
determining the mechanism of action of a given 
ACP but also provides hope that detailed struc-
ture/activity relationship studies may reveal 
next-generation peptides with improved selec-
tivity for cancer cells, thereby addressing one of 
the most significant limitations to peptide-based 
therapeutics.

9.3  ACP-Mediated Immune 
Activation

9.3.1  Cationic Amphipathic 
Peptides as Modulators 
of Immune Function

Many cationic peptides were initially character-
ized for their antimicrobial activities. More recent 
research shows that many of these same peptides 
exhibit immune-modulatory activities, as previ-
ously reviewed (Hilchie et al. 2013a). Importantly, 
the antimicrobial activities of many of these pep-
tides are lost in the presence of serum, whereas 

the immune-modulatory functions of these pep-
tides are maintained under physiologically rele-
vant conditions (Hilchie et al. 2013a).

Some synthetic peptides that have the ability 
to modulate the immune system are known as 
innate defense regulators (IDR). Although some 
of the antibacterial properties of these peptides 
are lost under physiological conditions, these 
peptides are still bioactive through immune- 
modulating effects such as increasing chemokine 
production (Hilchie et  al. 2013a). Monocyte 
migration in response to chemokines shows a fur-
ther increase in the presence of the peptide IDR- 
1002 via a mechanism involving integrins and 
AKT signaling (Madera and Hancock 2012). 
IDR-1002 also activates the immune response by 
increasing chemokine production and by recruit-
ing leukocytes to the site of infection (Nijnik 
et al. 2010).

Some peptides have the ability to promote 
antibody production. Immunizing mice with 
the peptide HH2 along with pertussis toxoid 
and CpG 10101 significantly increases the titer 
of toxoid-specific antibodies, indicating that 
this peptide enhances antibody production in 
this mouse vaccination model (Kindrachuk 
et al. 2009).

Despite the many actions of ACPs that pro-
mote immune responses, the bioactive peptide 
lactoferricin B decreases superantigen-mediated 
interleukin-2 production by mouse splenocytes 
(Hayworth et  al. 2009). This finding indicates 
that certain ACPs modulate immune function; 
however, the nature of that modulation may be 
dependent on the variables present in a given 
situation.

Mast cells are prominent within tissues and 
exert multiple effects on the vasculature as a 
result of their degranulation. Pleurocidins, IDR- 
1018, and other HDPs induce mast cell degranu-
lation, intracellular calcium mobilization, and the 
release of prostaglandins (Pundir et  al. 2014; 
Yanashima et al. 2017; Gupta et al. 2016). These 
peptides may therefore act on mast cells to pro-
mote vascular permeability and vasodilation, 
subsequently shaping the developing immune 
response.

9 Anticancer Activities of Natural and Synthetic Peptides
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9.3.2  Induction of Antitumor 
Immune Responses 
by Immunogenic Cell Death

Some ACPs release danger signals from the cell 
that are thought to be immunogenic. The release 
of danger-associated molecular patterns 
(DAMPs) like calreticulin, ATP, and high mobil-
ity group box protein 1 (HMGB1) from dying 
cancer cells results in the induction of an immune 
response to tumor antigens (Fig.  9.3) (Camilio 
et al. 2014b).

Intratumoral administration of the bovine 
lactoferricin- derived ACP LTX-302 to A20 
lymphoma- bearing immune-competent mice 
results in tumor necrosis and inflammatory cell 
infiltration, followed by complete tumor regres-
sion as well as tumor-specific protection against 
tumor rechallenge. In vitro treatment of these 
lymphoma cells with LTX-302 results in an 

increase in HMGB1 release from these cells 
(Berge et al. 2010). Taken together, these findings 
suggest that ACP-mediated lysis of malignant 
cells induces anticancer immunity.

The study of B16 melanoma-bearing mice 
showed that intratumoral treatment with DAA 
LTX-315 results in tumor regression and signifi-
cantly increased survival following tumor rechal-
lenge (Camilio et al. 2014a). In these animals, T 
cells are recruited to LTX-315-treated tumors, 
and inflammatory cytokine gene expression is 
elevated following LTX-315 treatment. Mice that 
were previously cured of palpable melanoma 
with LTX-315 treatment are protected from 
rechallenge with B16 melanoma cells (Camilio 
et al. 2014a). In vitro LTX-315 treatment of mel-
anoma cells releases DAMPs that include ATP, 
cytochrome C, reactive oxygen species (ROS), 
and HMGB1 (Camilio et  al. 2014a; Eike et  al. 
2015).

Intratumoral
administration 

of ACP

ACP-induced 
cell lysis

HMGB1
ATP

Release of 
DAMPs

and tumor 
antigens

Immature
DC

Antigen 
engulfment

Antigen 
presentation

Mature
DC

Activation of 
tumor-

specific CTLs

Tumor cell 
killing by CTLs

Fig. 9.3 Activation of a protective anti-tumor cytotoxic 
T lymphocyte (CTL) response by ACPs. In vivo data sug-
gests that a protective immune response develops after intra-
tumoral administration of an ACP.  The ACP kills tumor 
cells, resulting in the release of danger- associated molecular 

pattern molecules (DAMPs) such as ATP and high mobility 
group box protein 1 (HMGB1) that promote tumor antigen 
uptake by dendritic cells (DCs), which then mature and 
present antigen to T cells. Tumor-specific cytotoxic T lym-
phocytes (CTLs) are generated that kill tumor cells
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ACPs that induce a local immune response 
in tumors may also trigger a systemic immune 
response that removes all neoplastic cells, 
including those that have spread to other parts 
of the body. This immune response is activated 
by the ACP-induced release of DAMPs. 
Inhibition of local regulatory T cells (Tregs) at 
the tumor site is another aspect to consider 
since inhibiting these cellular regulators of the 
immune response is known to promote antican-
cer immune responses. In tumor beds, LTX-315 
increased the number of CD4+ (Th1 and Th17) 
and CD8+ T cells while decreasing Treg num-
bers (Yamazaki et al. 2016). The cationic pep-
tide LL-37, which has both pro- and anticancer 
effects depending on the cancer (Chen et  al. 
2018), also inhibits CD25+CD4+FOXP3+ T reg-
ulatory cells and so may be helpful in promot-
ing an anticancer immune response (Mader 
et al. 2011).

Administration of LTX-315 increased 
CTLA-4 expression on CD8+ T cells while 
decreasing PD-1 expression, suggesting that 
using this ACP in combination with an inhibitor 
of CTLA-4 (ipilimumab) may improve treatment 
outcome (Yamazaki et  al. 2016). Initial experi-
ments with immune checkpoint inhibitors such as 
ipilimumab suggest that timing of the treatments 
may be critical as administration of the CTLA-4 
neutralizing agent prior to the treatment with the 
ACP, LTX-315, may be needed to achieve a ther-
apeutic benefit. The need for treatment with ipili-
mumab in advance of ACP administration is 
explained by the fact that CTLA-4 is involved in 
down-regulating T-cell activation.

9.3.3  Comparison of ACPs 
to Oncolytic Virus Therapy

Oncolytic viruses are another class of novel ther-
apeutics being investigated for the management 
of various cancers. Oncolytic viruses may fail to 
kill tumor cells in an individual if the virus is 
quickly eliminated as the result of triggering an 
innate immune response (Chiocca and Rabkin 
2014). The first oncolytic virus derived from a 

genetically modified type 1 herpes simplex virus 
(HSV) has been approved for use and shows ther-
apeutic benefit to melanoma patients (Andtbacka 
et al. 2015). However, only a moderate increase 
in survival is reported with this oncolytic virus 
therapy, indicating other treatments are needed. 
Another oncolytic virus, vaccinia JX-594, has 
been used to treat liver cancer patients, in which 
the virus was shown to be oncolytic and increase 
patient survival with some evidence of an 
immune-activating mechanism (Heo et al. 2013). 
Therefore, evidence exists that treatment with 
certain oncolytic viruses is able to increase the 
survival of cancer patients.

Oncolytic peptides, as a result of their short 
half-life, may provide a safer alternative for 
patients in comparison to oncolytic viruses. 
There are safety concerns when patients are 
administered a virus that may persist long term 
and has the potential to mutate into a harmful 
variant. Some ACPs are active against drug- 
resistant cancer cells and are not lytic for red 
blood cells, making them potential candidates 
for development as future treatments for cancer. 
Since some ACPs kill cancer cells and induce 
an anticancer immune response (Haug et  al. 
2016), injection of LTX-315 into transdermally 
accessible tumors is currently in phase I clini-
cal trials to assess safety, dosing, pharmacoki-
netics, and immune response development 
(ClinicalTrials.gov (NCT01058616) 2010). 
LTX-315 is also now being assessed in multiple 
cancers as a monotherapy or in combination 
with ipilimumab or pembrolizumab 
(ClinicalTrials.gov (NCT01986426) 2013). 
Discovery research has identified these onco-
lytic peptides and has revealed their in vitro and 
in  vivo activities. These ACPs are now being 
examined for clinical efficacy. Even in phase I 
clinical trials, there is assessment of ACP anti-
tumor activity as indicated by complete and 
partial response rates, overall response rate, 
and progression-free survival. The results of 
these trials will begin to answer questions 
regarding the effectiveness of ACPs and the 
potential benefit of enhanced delivery of these 
oncolytic peptides.
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9.4  Strategies to Enhance ACP 
Delivery

Since peptides typically undergo rapid degrada-
tion in the body, a delivery platform may be 
needed to ensure that ACPs get to their desired 
target. This may not be necessary for fast-acting 
peptides; nevertheless, methods to package 
ACPs so that they reach the tumor microenvi-
ronment include the use of nanoparticles and 
fusogenic liposomes. Peptide modification 
strategies can also be used to promote tumor 
cell targeting; however, this approach will be 
discussed in Sect. 9.5.

9.4.1  Nanoparticles

Nanoparticles provide a mechanism for drug 
delivery to the correct location in patients, includ-
ing those with drug-resistant cancers. Many dif-
ferent nanoparticle formulations have been 
considered. The nanoparticles themselves need to 
be stable and nontoxic, and they must be targeta-
ble in order to deliver the drug of interest to the 
correct cell/tissue.

Perfluorocarbon nanoparticles have been of 
particular interest for drug delivery because 
these nanoparticles are biologically inert, stable, 
nontoxic, and can be monitored using different 
imaging platforms. Perfluorocarbon nanoparti-
cles can carry large quantities of drugs, and their 
delivery to target sites can be observed in vivo 
(Winter 2014; Chen et al. 2013). Since ACPs are 
small, it is feasible to put ACPs on/in these per-
fluorocarbon nanoparticles to enhance their 
delivery to a primary tumor and metastatic 
lesions. Studies that used perfluorocarbon 
nanoparticles loaded with melittin, a cytolytic 
peptide from bee venom, have revealed that the 
combination of an ACP and nanoparticle deliv-
ery system is able to significantly decrease B16 
melanoma tumor volumes in vivo (Soman et al. 
2009; Pan et al. 2011).

Since the microenvironment of many solid 
tumors is acidic (Tannock and Rotin 1989), 
some nanoparticle delivery approaches have 
been engineered to function best at low pH. For 
example, a CPMSN nanocarrier bearing the 

arginine- glycine- aspartic acid (RGD) peptide 
on its surface is taken up by breast cancer cells 
via integrin receptor-mediated endocytosis and 
has been engineered to subsequently degrade in 
the acidic endosomal compartment, resulting in 
the intracellular release of cytotoxic anticancer 
drugs (Murugan et  al. 2016). It should be 
 possible to use a similar approach to deliver 
ACPs directly into the acidic tumor 
microenvironment.

Some nanocarriers are toxic on their own, 
especially those made with polyacrylic acids, 
indicating the need for nontoxic nanocarriers. In 
this regard, doxorubicin has been encapsulated 
within a nanocarrier made of 30% oxidized 
starch and decorated with an integrin-targeting 
peptide attached with a polyethylene glycol 
(PEG) linker in order to selectively target 
integrin- overexpressing cancer cells (Jiang et al. 
2018). Such a starch-based nanocarrier is likely 
to be less toxic than other nanoparticle 
formulations.

Another strategy for delivering ACPs to can-
cer cells is through the use of fusogenic lipo-
somes, which are able to deliver hydrophobic or 
hydrophilic drugs directly into a target cell with-
out risking degradation by the endocytic pathway 
(Kube et  al. 2017). Fusogenic liposomes that 
effect membrane fusion have been used to deliver 
LfcinB6 into the cytoplasmic compartment of 
both leukemia cells and breast cancer cells, 
resulting in rapid cytotoxicity (Richardson et al. 
2009). In addition to the potential for tumor cell 
targeting, fusogenic liposomes are expected to 
protect ACPs from proteolysis long enough for 
them to reach effective concentrations in the 
tumor site.

Clearly, there are multiple strategies that can 
be employed to effectively deliver ACPs to can-
cer cells. The next critical step will be to evaluate 
the safest approach in phase I clinical trials. 
Indeed, multiple clinical trials in which nanopar-
ticles are being used to deliver different chemo-
therapeutic agents (e.g., paclitaxel) are underway. 
Since there are already ongoing clinical trials 
with ACPs, such as LTX-315, future use of 
nanoparticles as delivery vehicles for ACPs may 
be an effective strategy to increase the half-life of 
oncolytic peptides.
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9.4.2  Peptides with Altered 
Stereochemistry

One potential problem with ACP-based treat-
ments is that these peptides can be easily degraded 
by proteolytic enzymes present in the digestive 
system and blood plasma (Vlieghe et al. 2010). 
Susceptibility to degradation is dependent on the 
peptide sequence (e.g., trypsin cleaves arginine 
and lysine); however, altering the stereochemis-
try of an ACP may render it unrecognizable by 
proteolytic enzymes. In this regard, since amino 
acids occur naturally as an “L” stereoisomer, 
D-isomers are not susceptible to proteolytic deg-
radation (Hilchie et  al. 2015). For example, an 
all-D-amino acid variant of pleurocidin that is 
based on the L form of the cationic antimicrobial 
peptide from winter flounder resists degradation 
by trypsin, plasmin, and carboxypeptidase (Jung 
et  al. 2007). Findings such as this indicate that 
the stereochemistry of a peptide is relevant with 
respect to its susceptibility to degradation.

9.4.3  Potential for ACP-Expressing 
Oncolytic Virus Therapy

If clinical trials continue to show that oncolytic 
viruses are safe and effective anticancer agents, it 
may be advantageous to engineer an oncolytic 
virus that also expresses a direct- or indirect- acting 
ACP. Since the mechanism of oncolysis is differ-
ent between oncolytic viruses and ACPs, the 
potential exists for an enhanced cytotoxic effect by 
an ACP-expressing oncolytic virus. Administration 
of an oncolytic virus that also codes for an onco-
lytic peptide is predicted to increase the likelihood 
of killing all cancer cells in a given tissue, includ-
ing cancer stem cells, and activating a long-lasting 
anticancer immune response that will protect 
against cancer recurrence.

9.5  Strategies to Enhance ACP 
Selectivity for Cancer Cells

ACPs, particularly those that are direct-acting, 
have many advantages over conventional chemo-
therapeutic agents; however, ACPs continue to be 

limited by their toxicity to normal human cells at 
high peptide concentrations. Several strategies 
have been used to improve ACP selectivity for 
cancer cells. Many of these strategies involve 
optimizing the delivery of peptide to tumor cells 
through the use of nanoparticle-based delivery 
systems, as discussed in Sect. 9.4.1. Here, we 
will briefly review how alterations in the primary 
amino acid sequence influence the selectivity of 
ACPs for cancer cells.

9.5.1  Generating Tumor-Specific 
ACPs Through the Addition 
of Peptide-Targeting Motifs

As noted in Sect. 9.1.4, ACP selectivity for can-
cer cells can be enhanced through the addition of 
so-called targeting sequences. This strategy 
involves the use of a glycine-glycine linker to 
conjugate the ACP with a peptide sequence that 
recognizes specific molecules that are overex-
pressed by cancer cells. The targeting motif then 
promotes ACP binding to the tumor cell, after 
which the cytotoxic portion of the peptide trig-
gers cell death. There are dozens of examples of 
targeting sequences and many instances in which 
this strategy has been used to improve ACP selec-
tivity – some have been successful, whereas oth-
ers have not enjoyed success. Here, we will 
provide an example of each strategy for the pur-
pose of illustration.

Bombesin is a 14-residue tumor-homing pep-
tide that binds several receptors that are overex-
pressed by many cancer cell types (Anastasi 
et  al. 1971; Reubi et  al. 2002; Cornelio et  al. 
2007). Significant improvements in tumor cell 
killing were noted when magainin 2 was conju-
gated to bombesin (Liu et al. 2011). In compari-
son to the parental peptide (magainin 2), the IC50 
of the hybrid peptide for cancer cells was at least 
tenfold lower, which was substantially lower 
than the IC50 for normal cells. This finding sug-
gests that the increase in potency of the hybrid 
peptide was not at the expense of cancer cell 
selectivity.

Phage display libraries can be used to identify 
novel targeting sequences for ACPs. For exam-
ple, a screen of phage display libraries was used 
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to identify the sequence LTVSPWY, which has 
been successfully used to deliver oligonucle-
otides to SKBR3 breast cancer cells (Shadidi and 
Sioud 2003). However, this sequence did not 
improve the cytotoxicity of LfcinB6 for a differ-
ent breast cancer cell line (unpublished), indicat-
ing the need to screen for broad applicability of 
targeting sequences in a particular type of 
cancer.

9.5.2  Enhancing ACP Selectivity 
Through Amino Acid 
Substitution/Modification

It is no secret that slight alterations to the primary 
amino acid sequence can drastically affect the 
potency of an ACP. In some cases, a minor altera-
tion may even change the mechanism of action of 
the peptide. For example, the addition of a 
C-terminal amide causes the wasp venom peptide 
mastoparan to become lytic, whereas in its 
unamidated form, mastoparan induces 
mitochondria- dependent apoptosis (Hilchie et al. 
2016; de Azevedo et al. 2015).

Many groups have attempted to improve pep-
tide selectivity through amino acid substitution. 
The vast majority of these studies use hypothesis- 
driven, small-scale approaches, whereby charge 
and/or hydrophobicity of the parent ACP is modi-
fied, based on the knowledge that these features 
are required for cancer cell killing (Hoskin and 
Ramamoorthy 2008). Such studies generate a 
very small peptide library that is subsequently 
screened for cytotoxic activity against cancer 
cells and normal cells. This approach has been 
used to identify novel peptides with slightly 
increased selectivity for cancer cells (Dennison 
et al. 2006; Yang et al. 2003; Eliassen et al. 2003; 
Arias et  al. 2017). Often, many incremental 
improvements are needed before one obtains an 
ACP with significantly improved selectivity rela-
tive to the parent peptide, likely because we still 
do not understand how the overall structure of the 
ACP affects its selectivity for cancer cells. To our 
knowledge, only one study has examined the 
effect of altered charge and hydrophobicity on 
cancer cell selectivity in the context of the overall 

structure of the ACP (Yang et al. 2002). In this 
study, helical wheel diagrams of the parent pep-
tide were used to show that positively charged 
amino acids cluster into two spatially separated 
regions, termed the major and minor sector, that 
contain four and two cationic amino acids, 
respectively. Moving the two cationic amino 
acids from the minor sector to the major sector 
increased cancer cell killing at the expense of 
cancer cell selectivity, suggesting that the pres-
ence of a minor sector may reduce ACP toxicity 
to normal cells. The authors also noted that 
increasing the overall charge of the ACP by the 
addition of two additional cationic amino acids to 
the major sector resulted in reduced potency; 
however, selectivity for malignant cells was 
maintained, most likely because the addition of 
these two amino acids occurred at the expense of 
two hydrophobic amino acids.

In spite of numerous efforts to generate next- 
generation ACPs with improved selectivity for 
cancer cells, we still do not really understand the 
structural basis for cancer cell selectivity. It is our 
opinion that this is due to the lack of available 
datasets that are sufficiently large to conduct 
thorough structure/activity relationship (SAR) 
studies. To this end, we have used SPOT array 
technologies to create a massive peptide library 
(n = 210), which we then screened for cytotoxic 
activity against cancer cells and normal cells 
(manuscript in preparation). We found that single 
amino acid substitutions may eliminate cytotox-
icity for both cancer cells and normal cells, elimi-
nate selectivity for cancer cells, and/or improve 
selectivity for leukemia and/or breast cancer 
cells. Our goal is to use an artificial intelligence 
approach to predict highly selective next- 
generation ACPs through computer modeling of 
quantitative structure/activity relationships 
(QSAR), which yielded hundreds of peptides 
predicted to be more selective for cancer cells 
than the parent ACP. Efforts to screen this new 
peptide library are underway. While this study is 
in its infancy, we are confident that highly selec-
tive ACPs will be identified as this approach has 
successfully delivered novel peptides with 
improved antimicrobial and anti-biofilm activi-
ties (Hilpert et al. 2005; Haney et al. 2018).

A. L. Hilchie et al.



143

9.5.3  Improving Tumor Selectivity 
Through Histidine 
Substitution

It is well established that the microenvironment 
of solid tumors is acidic in comparison to most 
normal tissues due to lactic acid buildup coupled 
with inadequate washout of acidic products as a 
result of inadequate vascularization (Tannock 
and Rotin 1989; Newell et al. 1993; Vaupel et al. 
1989). Yechiel Shai’s group has used these differ-
ences in tumor microenvironment to optimize 
ACP selectivity through the use of histidine sub-
stitutions (Makovitzki et al. 2009). In this innova-
tive approach, three or six lysine residues in the 
ACP [D]-K6L9 (pKa ~10.5) were replaced with 
histidine residues (pKa ~6.1), generating 
[D]-K3H3L9 and [D]-H6L9, respectively. Unlike 
[D]-K6L9, neither [D]-K3H3L9 nor [D]-H6L9 had 
adverse toxic side effects when delivered to mice 
via intravenous injection, and both ACPs caused 
a reduction in the growth of prostate tumor xeno-
grafts in mice. These results provide the intrigu-
ing possibility of customizing  peptides for 
selective targeting of the solid tumor microenvi-
ronment, thereby sparing healthy tissues from 
potential adverse side effects. Despite these 
exciting results, to our knowledge, this proof of 
concept work has not been replicated with other 
ACPs. However, it is worth noting that our QSAR 
analysis predicts that peptide selectivity for 
breast carcinoma cells often involves histidine 
substitutions (manuscript in preparation).

9.6  The Future of ACP Research

Cancer cells are increasingly resistant to conven-
tional treatment modalities. As patient survival 
increases, so does the risk of recurrent disease in 
a form that is resistant to previously used drugs. 
Peptide-based therapies have the potential to 
treat many different cancers, including those that 
are multidrug resistant or slow growing and 
therefore not susceptible to conventional chemo-
therapy. Unfortunately, research in this area has 
been slow to progress. The anticancer potential 
of magainins has been appreciated since at least 

the 1980s without any significant progress to 
clinical trials. Areas in which further study is 
essential include ascertaining the immuno-mod-
ulatory properties of ACPs and improving their 
selectivity for cancer cells under physiologically 
relevant conditions. Indeed, ACP-mediated 
induction of danger signals and the subsequent 
development of anticancer immune responses 
may be essential for long-term benefit and 
increased patient survival. Moreover, improved 
selectivity is essential for future clinical trials to 
ensure the safety and efficacy of ACP adminis-
tration to cancer patients. ACPs must be able to 
kill cancer cells without adverse toxicities. 
Although it is possible that a single ACP may be 
effective against all cancer types, it is more 
likely that different ACPs will be needed to treat 
different cancers. Computer modeling may help 
to advance this area of research so that future 
treatments can be identified and assessed at a 
more rapid pace. In addition, computer models 
may predict highly selective ACPs that also acti-
vate antitumor immune responses.

Treating patients with combinational thera-
pies including novel drugs like ACPs is going to 
be essential to combat multidrug-resistant can-
cers. Generation of ACP-producing oncolytic 
viruses may be an additional area for future study 
to combat recurrence and multidrug-resistant 
cancers. Finally, the use of tumoricidal ACPs in 
combination with conventional cytotoxic drugs is 
likely to improve patient survival by more effec-
tive lysis of tumor cells with reduced treatment- 
related toxicities  and a reduction in the risk of 
tumor recurrence as the result of the generation 
of long-lasting tumor-specific immunity.
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