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ABSTRACT: Great attention has been paid to cytotoxic proteins (e.g., ribosome-inactivating
proteins, RIPs) possessing high anticancer activities; unlike small drugs, cytotoxic proteins can
effectively retain inside the cells and avoid drug efflux mediated by multidrug resistance
transporters due to the large-size effect. However, the clinical translation of these proteins is
severely limited because of various biobarriers that hamper their effective delivery to tumor
cells. Hence, in order to overcome these barriers, many smart drug delivery systems (DDS)
have been developed. In this review, we will introduce two representative type I RIPs,
trichosanthin (TCS) and gelonin (Gel), and overview the major biobarriers for protein-based
cancer therapy. Finally, we outline advances on the development of smart DDS for effective
delivery of these cytotoxic proteins for various applications in cancer treatment.
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lthough molecularly targeted therapeutics (e.g., mono- could curb the activity of the drugs during blood circulation but

clonal antibodies and protein kinase inhibitors) have been be activated as they reach the targeted cells/tissues. To
successfully applied in clinics for cancer therapy, many accomplish the first goal, RIPs have been modified with cell-
challenges such as drug resistance and low response rate still penetrating peptides (CPPs) and tumor-targeting ligands.
remain to be resolved. To meet clinical needs, continuing efforts Characterized by the capacity for delivering the attached cargoes
have been made to discover novel therapeutic agents. In this into nearly any type of cells, CPPs have been widely applied for
regard, great attention has been paid to cytotoxic proteins intracellular drug delivery. However, their nonspecific cell
possessing high anticancer activities. Ribosome-inactivating uptake could potentially cause side toxicity when coupled with
proteins (RIPs) are attractive drug candidates for the treatment cytotoxic proteins.” To address the second issue, the protein
of cancer (Table 1). These RIPs possess unparalleled efficiency drugs can be linked/immobilized to different nanostructures
for inhibiting protein synthesis that could lead to tumor cell such as nanoparticles, as well as to antibodies for enhancing the
death at extremely low concentration (at picomolar) unmatched tumor-targeting delivery efficiency. The necessity for delivery
by other anticancer small drugs, once they could reach their systems also lies in protecting the toxic proteins from proteolytic
target cytosolic ribosomes.' Specifically, recent advances in degradation and improving their pharmacokinetic profiles. In
genetic recombination technology allowed mass production of this article, we will focus on the properties and mechanisms of
recombinant RIPs at industrial scale, and various fusion proteins actions of two representative type I RIPs: trichosanthin (TCS)
could be produced with relative ease. On the basis of this and gelonin (Gel). We will further summarize the development

advancement, RIPs with improved druggability could be of smart DDS for tumor-targeting delivery of TCS and Gel.
engineered. However, clinical translation of these RIPs for

cancer therapy is still far from reaching the goal. The main B TRICHOSANTHIN

difficulty lies in drug delivery challenges, owing to the
biobarriers in the body such as the vascular barriers, intratumoral
barriers, and intracellular barriers. In order to overcome these
obstacles, various smart drug delivery systems (DDS) based on
prodrug-type strategies have been developed.” The main idea for
the prodrug type strategies is (1) to create a cell-permeable
protein drug that can efficiently penetrate into the cells to exert Received: October 20, 2019
their anticancer activity and (2) to adopt a carrier system that Published: December 30, 2019

Trichosanthin (TCS) is an active protein component (27 kDa)
isolated from a Chinese herb, Tian Hua Fen, the root of
Trichosanthes kirilowii Maximis, and is a well-studied type I RIP
for its antitumor and antivirus activities (Table 2). Its precursor
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Table 1. Types of Ribosome-Inactivating Proteins and Their
Molecular Targets

type of
RIP samples target ref
tricosanthin depurinates A4324 pos'it.ioned in the 4
conserved a-sarcin/ricin loop
depurinates A4324 positioned in the s
loni conserved a-sarcin/ricin loop
nin
gelo depurinates poly(ADP-ribosyl)ated 6
poly(ADP-ribose) polymerase
depurinates A4324 positioned in the 7
type I . conserved @-sarcin/ricin loop
saporin
RIP P depurinates poly(ADP-ribosyl)ated 6
poly(ADP-ribose) polymerase
depurinates A4324 positioned in the 3
di conserved @-sarcin/ricin loop
momordin
depurinates poly(ADP-ribosyl)ated 6
poly(ADP-ribose) polymerase
PAP removes A4324, A4321, and G4323 from the 9
eukaryotic large rRNA
modifies both or either G4323 and A4324 10
. nucleoside residues
ricin
depurinates poly(ADP-ribosyl)ated 6
poly(ADP-ribose) polymerase
tYER?IEI agglutinin depurinates A4324 nucleoside residue 11
. modifies both or either G4323 and A4324
abrin . . 10
nucleoside residues
. modifies both or either G4323 and A4324
modeccin 10

nucleoside residues

consists of 289 amino acids, and the active form of TCS is
obtained from its precursor, by cleavage of 23 and 19 amino
acids from its N- and C-terminal ends, respectively. The amino
acid sequence of TCS reveals homology to ricin A chain,****
TCS, as a typical type I RIP, depurinates adenine-4324
positioned in the conserved a-sarcin/ricin loop of rat 28S
rRNA. Structural analysis of TCS revealed two domains and five
conserved catalytic residues.* A modified form of TCS with
deletion of 7 amino acids from the C-terminal (C7-TCS) caused
a reduction in its pH-dependent membrane insertion ability;
deletion of these amino acid residues led to conformational
changes and oligomerization, resulting in a reduced level of
ribosome-inactivating property (in vitro) and cytotoxicity (in
vivo).” Notably, TCS is an approved gynecological drug in
China for ectopic pregnancies, hydatidiform moles, chorionic
epithelioma, and abortion.

TCS as an Anticancer Agent. TCS causes apoptosis in
cancer cells. Reactive oxygen species (ROS), mitochondrial and
endoplasmic reticulum changes, and changes in the expression
of apoptosis-related genes showed involvement in this process.”

However, a possible correlation between N-glycosidase activity
and TCS-induced apoptosis remains yet to be explored.”” The
anticancer effects of TCS have been established against
hepatoma and lung cancer both in vitro and in vivo, and its
effects as an immunolesioning agent against melanoma were
confirmed by in vitro experiments.'® In addition, the antitumor
effects of TCS on choriocarcinoma, cervical cancer, breast
cancer, leukemia and lymphoma, colon carcinoma, stomach
adenocarcinoma, and prostatic cancer were reported.12 In most
cases, these antitumor effects were linked with apoptosis,
resulting from the inactivation of ribosomes. TCS was also found
to have antiproliferative and apoptosis-inducing effects in
human MCF-7 (estrogen-dependent) and MDA-MB-231
(estrogen-independent) cells; induction of cell apoptosis by
TCS was linked with the activation of both caspase-8 and -9
regulatory pathways with subsequent processes, such as caspase-
3 activation and enhanced PARP cleavage.28 Furthermore, this
work revealed DNA fragmentation in the nude mice bearing
MDA-MB-231. Caspase pathways including those of caspase-8,
-9, and -3 were activated by TCS in leukemia HL60 cells, and
TCS-induced apoptosis was suggested to be mediated by
mitochondrial and endoplasmic reticulum stress signaling
through caspase-3."°> Furthermore, in HeLa cells, the suppres-
sion of cell proliferation by TCS was reported to be linked to the
inhibition of protein kinase C (PKC) and protein kinase A
(PKA), which suggested that the TCS-induced antitumor
proliferation was induced by suppression of PKA/MAPK
signaling pathway.'® Involvement of adenylyl cyclase activity
and cyclic adenosine monophosphate in TCS-induced apoptosis
was explained by their suppression initiated by the influx of
extracellular Ca**, but this suppression was demolished with the
activation of PKC and PKA.” In nude mouse models implanted
with CNE1 (well-differentiated) and CNE2 (poorly differ-
entiated) nasopharyngeal cancer cells, it was revealed that the
antitumor effects of TCS were associated with apoptosis and
partially with the suppression of telomerase activity.'” Low-
density lipoproteins (LDL) were the major receptors for
phagocytosis in JAR and BeWo choriocarcinoma cell lines,
and LDL receptor-related protein 1 (LRP1) was responsible for
TCS binding and endocytosis. This was the possible basis of
abortifacient and antichoriocarcinoma activity of TCS.** TCS
was also reported to act on activation of the methylation-
silenced tumor suppressor genes, induction of demethylation,
and downregulation of DNA methyl transferase 1 (DNMT1).>!
Furthermore, the cDNA array analysis approach was applied to
establish TCS-induced gene expression profile changes in
human CaSki cells, and the results revealed that TCS increases

Table 2. Structure of TCS and List of Cancer Types and Virus Tested for the Activity of TCS

a2,12-22

Breast cancer cells

12’ |Human prostate cancer cells PC-3

Cervical cancer GasKi cells

Leukemia lymphoma cells

Choriocarcinoma cell lines

Lung cancer cells

Gastric cancer cells MKN 45 |4

Mouse prostatic cancer RM cells

Hepatitis B virus "

Glioma cells 2 |Murine melanoma cells 15
HeLa cells 16" |Leukemia HL60 cells E
Hepatoma H 35 cells 13 |Nasopharyngeal cancer cells CNE1(2) !
Hepatocellular carcinoma  |'* |Stomach adenocarcinoma MCG803 ~ ['218
cells cells

20 p17)

Herpex Simplex virus

Human Immunodeficiency virus

“Protein structure was modeled online (https: //swissmodel.expasy.org/ interactive).
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Table 3. Structure of Gel and the Cell Lines Tested for Gel Activity

a 5,34—42

B cell lymphoma

433 |Human leukemia HL 60

Cervical cancer HeLa

*7 |Human melanoma A375cells

 |Chronic lymphocytic leukemia

*  [Human prostate cancer cells PC3

Colorectal carcinoma cells CT26

?7  |Large B-cell Lymphoma SUDHL-6

Glioma cell line 9L

?7 |Large B-cell Lymphoma OCI-Ly3

Human embryonic kidney 293 cells

> [Mantle cell lymphoma Mino cell

Human colon cancer cells HCT 116 [  [Martin-Darby Canine Kidney cells [
Human colorectal cells LS174T 3740|Myeloid leukemia OCI-AML2, 5 |3
Human glioblastoma cell US7MG [’  |Prostate adenocarcinoma cell

Brain cancer 2 |LNCaP 41

“Protein structure was modeled online (https: //swissmodel.expasy.org/ interactive).

the expression of Smac (a mitochondrial protein that promotes
cytochrome C dependent caspase activation) in CaSki cells and
supports Smac demethylation.*” However, prolonged treatment
resulted in resistance to TCS in the CaSki tumor cells

TCS as an Antiviral Agent. TCS also exhibits antiviral
activity against various types of viral infections. For instance,
TCS was demonstrated its protective role against infectious
brain injury induced by herpex simplex virus (HSV-1) in mice.”’
TCS has also been considered a candidate for treatment of HIV/
AIDS.”" The anti-HIV activity of TCS was found to correlate
with its ribosome-inactivating property; however, there may be
other mechanisms involved in its anti-HIV effects.”” Antiviral
activity of TCS was also related with its capacity to reduce the
elevated levels of mitogen-activated protein kinase p38
(p38MAPK) and B-cell lymphoma 2 (Bcl-2) induced by HSV-
1 infection, thereby lowering viral replication.”

B GELONIN

Gelonin (Gel), which consists of 258 amino acids with an
approximate molecular weight of 28 kDa, is a type I RIP derived
from the seeds of Gelonium multiflorum™ (Table 3). It shares a
33% sequence homology with TCS and ricin.** Similar to TCS,
Gel possesses N-glycosidase activity and depurinates adenine-
4324 positioned in the conserved a-sarcin/ricin loop of 28S
rRNA."* Gel has also been extensively studied for its
applicability as an anticancer and antiviral agent.** However,
as a typical type I RIP, without the help of intracellular drug
carriers, Gel is poorly internalized into cells and could exert little
therapeutic effect.””** Since the first discovery of Gel by Stirpe
in 1980," the development of various Gel fusion proteins has
widely been attempted to enhance its delivery efficacy.
Specifically, thanks to the advance in genetic engineering,
recombinant Gel could be produced from E. coli and was found
to possess protein synthesis inhibition activity equipotent to that
of the native plant-derived protein.49 To date, there have been
reported various Gel fusion proteins with anticancer activity
superior to that of the unmodified Gel.>”?”>"***

Gel Fusion Proteins as Anticancer Agents. A variety of
modified Gel proteins have been obtained by either chemical
conjugation or using genetic recombination methods. One of
the earliest studies was the chemical conjugation of rGel to a
humanized anti-CD33 M195 monoclonal antibody via a
disulfide bond for tumor-targeting delivery.”® The obtained
HuM195-Gel conjugate showed high cytotoxicity on the CD33
positive cell lines (HL60O, OCIJAML2, and OCI/AMLS), while
unconjugated antibody and Gel alone had less effect at
equimolar concentrations.”® Another example is the VEGF,,-
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rGel which was composed of an isoform of vascular endothelial
growth factor (VEGF,;; 121 amino acids) and recombinant Gel
(rGel) coupled via a G4S (GGGGGS) linker.”® VEGF,,;-rGel
was selectively cytotoxic to endothelial cells that overexpress
KDR/FIk-1 receptor (ICsp: 0.5—1 nM; up to 600-fold lower
than rGel); the endothelial cells with overexpression of KDR
were more sensitive (60-fold) to VEGF121-rGel than were
nondividing cells. VEGF121/rGel treatment resulted in
significant inhibition in tumor growth in an animal model with
human melanoma (A-375) or prostate (PC-3) xenografts.38

The Gel fused with B-lymphocyte stimulator (rGel/BLyS)
showed selective binding and internalization to the cells
expressing BLyS receptors. Among the tested B cell tumor cell
lines, three mantle cell lymphoma (MCL) (JeKo-1, Mino, and
SPS3) and 2 diffuse large B cell lymphoma (DLBCL) cell lines
(SUDHL-6 and OCI-Ly3) were most sensitive to rGel/BLyS
(IC4: 2—5 pM and 0.001—5 nM for MCL and DLBCL).** The
therapeutic mechanism for rGel/BLyS was associated with the
binding to the cell-expressing BLyS receptors and constitutively
active NF-kB; after treatment, NF-kB targets (e.g., Bcl-X1, Mcl-1
and survivin) were downregulated.”> rGel/BLyS treatment
could also downregulate IL-6R and STAT3 activity, while
upregulating Bax and apoptosis.”” rGel/BLyS could specifically
enter CD19" B-CLL lymphocytes via selective binding with
BAFF-R and induced apoptosis, with a potent protein synthesis
inhibition 1800-fold more effective than that of rGel in patient-
derived leukemic lymphocyte samples.”” In subsequent studies,
this rGel/BLyS was found to be also effective for various B cell
tumors.”*

Cao et al. prepared rGel fusion proteins with anti-HER2
human single-chain antibody (C6.5) using different peptide
linkers as follows: (1) L linker (GGGGS), (2) Fdt (AGNRV-
RRSVG; contains furin cleavage site), and (3) Fpe (TRHR-
QPRGWEQL; contains furin cleavage site).” The results
revealed that Fdt enabled precise cleavage at the designated
position by recombinant furin with 100% efficiency, while only
18.5% cleavage for Fpe at pH 7.2 was observed. In animal
studies, C6.5/rGel with the Fdt linker (C6.5-Fdt-Gel) showed
the least anticancer activity.”> The results of a binding study
demonstrated that among the three C6.5/rGel samples when
incubated at 37 °C in the presence of human plasma the C6.5-
Fdt-Gel construct showed the highest reduction (20%
reduction) in cell binding.54

Recently, Shin and co-workers genetically engineered a
variety of fusion proteins coupling rGel with different types of
peptide carriers (e.g., melittin, chlorotoxin, F3 peptide, and anti-
IGE-1R affibody).””*"*"** Melittin, a typical pore-forming
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toxin, possesses the ability to create pores in the cell membrane,
which in turn could destabilize the cell membranes. The pore
formation can facilitate intracellular delivery of attached cargoes
as well as directly cause death of tumor cells. However, to kil
tumor cells by melittin alone, a high concentration (above
micromolar) is required. The fused Gel-melittin was signifi-
cantly more cytotoxic than either the native Gel or melittin in
different cancer cell lines (e.g, HeLa, 9L, U87 MG, CT26, and
LS174T).>” This could be explained by the enhanced uptake of
Gel by the help of melittin. Chlorotoxin, a 36-mer peptide
derived from scorpion venom, has attracted great interest as an
effective carrier to target brain tumor cells because of its selective
binding ability to the tumor cell-expressed MMP-2. Recombi-
nant Gel-chlorotoxin fusion (Gel-CLTX) showed a 4.1-fold
higher cell uptake than that of rGel in U87 MG human
glioblastoma cells and a 25-fold higher cytotoxicity against U87
MG cells as compared to that in nontumorous 293 HEK cells.”
F3 peptide is a 31-mer peptide that binds to nucleolins
selectively exposed on the surface of tumor and angiogenic
endothelial cells. By genetically fusing F3 to rGel, selective and
enhanced cellular uptake and cytotoxicity were observed in
cancer cells such as U87 MG, HeLa, LnCaP, and 9L.>'”°
Furthermore, in a following study, Gel fusion proteins coupled
with multiple (2 or 3) F3 peptides showed an even higher cell
uptake and augmented cytotoxicity as compared to those of Gel
fusion with one F3. Consistently, in a LNCaP s.c. xenograft
tumor mouse model, a greater tumor growth inhibition rate was
observed from the group treated with tandem-multimeric Gel-
F3.*" The Gel fusion with anti-IGF-1R affibody also showed
selective and augmented (22-fold) cell uptake and cytotoxicity
against IGF-1R overexpressed U87 MG brain cancer cells,
compared with those of rGel.’

B BIOBARRIERS AGAINST THERAPEUTIC PROTEIN
DELIVERY

Biobarriers that normally protect our body could paradoxically
serve as formidable obstacles for potential anticancer protein
drugs such as RIPs to successfully reach the tumor site. These
barriers include endothelial/epithelial cell membranes, the
reticuloendothelial system (RES), a complex networks of
blood vessels, abnormal blood flow, and interstitial pressure
gradients in tumors. Along with these biobarriers, the immune
surveillance system clears any hazardous substances that invade
the body,>> and moreover, even after successfully reaching the
tumor cells, the tumor cell membranes function as a critical
barrier that controls the final destiny of the protein drugs.”®
Hence, developing strategies to effectively overcome the
biobarriers is an imminent task for the success of protein-
based cancer therapy.

Vascular Barriers. Compared to oral administration,
intravenous administration of higher molecular compounds,
especially proteins, can be a more reliable route for ensuring
sufficient bioavailability. However, despite full access to blood
circulation via intravenous administration, there are still
obstacles for the protein drugs to reach the pathological site.
The vascular barriers, primarily the endothelial cell tight
junctions, block the drugs from getting out of the circulation
and only allow selective transport.”” The typical case for the
vascular barrier is the blood—brain barrier (BBB).”® The BBB is
selectively permeable to nutrients and oxygen that are essential
for the brain. The transport of vital substances for maintaining
normal brain functions is generally mediated by the receptor-
mediated transcytosis (RMT) system through vesicular
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trafficking machinery of the endothelium, and therefore, it is
useful to exploit the RMT system to deliver therapeutics into the
brain.>”

Another approach to deliver anticancer drugs into the central
nervous system (CNS) is to reversibly open the tight junction of
the endothelial cells of BBB. In this respect, special features, such
as bioavailability and biodegradability, are required for the drug
carriers.’” Previously, it was found that endothelial sphingosine
1-phosphate receptor-1 (SIP1) promotes the barrier function
against compounds with a size smaller than 10 kDa. Its knockout
in mice caused a breach of BBB for small-molecular substances.
Therefore, temporarily inhibiting endothelial S1P1 might
provide an effective way to deliver cytotoxic proteins through
the BBB.”” Apart from the physical barriers in the vascular
system, when the blood arrives at certain organs like the kidney
and liver, a significant part of the drugs may also be eliminated,
which could diminish the portion of drugs that could reach the
tumor tissue. In this process, the blood flow rate may take an
effect.”’

Also, there are many immunocytes and plasma proteins
circulating in the blood. When a drug is transported inside the
vessel, some of the drug molecules may lose activity by binding
with plasma proteins or being caught by the mononuclear
phagocytes. In certain cases, this may cause further immune
responses and side effects, leading to discontinuation of the
treatment. For example, during blood circulation, TCS protein
drugs could be captured by macrophages and induce various
immunomodulatory effects including upregulation of IL-4 and
-13 and inhibition of INF-y. TCS was reported to increase the
expression of macrophage IL-10 and monocyte chemoattractant
protein-1, and decrease IL-12 amd TNF-a levels.”” The extent
of cell uptake appeared dependent upon the underlying
mechanism (receptor-mediated vs nonspecific internalization).
For instance, the peritoneal exudate cells (PEC) were found to
be more sensitive to the cytotoxic effects of Gel than
nonphagocytic cells, Eossibly due to mannose-receptor-medi-
ated internalization.”” Overall, the protein drugs should be
protected or masked from various interactions with blood
components for improving their in vivo pharmacokinetic
profiles.

Intratumoral Barriers. Once the anticancer drugs reach the
targeted tumor tissue, they are confronted by intratumoral/
endothelial barriers including dense extracellular matrix and
high interstitial fluid pressure (IFP). The endothelial barriers
play a crucial role in strictly maintaining tissue and vascular
homeostasis.”* The integrity of endothelial barriers relies on a
number of factors existing in the microenvironment. In tumor
tissue, this barrier often gets impaired, and the blood vessel
networks become leaky and disorganized. Subsequently, this
enhanced vascular permeability can drive infiltration of
inflammatory cells, but an§iogenesis and extravasation of
tumor cells cause high IFP.*> Specifically, this high IFP was
responsible for poor perfusion and limited delivery of
therapeutic agents. The high IFP is associated with a high
resistance to mass transfer, and the condition could even
aggravate the vascular abnormalities, such as high vessel
tortuosity or generation of a large number of narrow tumor
capillaries.”° Eventually, these overall events impact drug
delivery into the tumor tissue, as well as affect cancer cell
proliferation, survival, and invasion.®” Extracellular matrix
(ECM) serves as a major intratumoral barrier. Previously, the
ECM had been considered merely an intercellular filling, but
recently, it has been discovered as a physiologically active
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component responsible for maintaining tissue homeostasis.’®
The composition and organization of the ECM are tissue-
specific and dynamically regulated. However, when this
regulation is abnormal, the barrier function could be impaired,
and this could lead to the development and progression of
diseases such as cancer.”® As cancer progresses, the tumor size
increases rapidly, and the tumor becomes densely packed with
ECM among the cancer cells, tumor-associated fibroblasts/
macrophages (TAFs/TAMs), and other cells. This series of
events not only hampers the diffusion of drugs through the
extracellular space but also exacerbates the tumor condition by
facilitating cancer cell proliferation and metastasis.”’ The growth
factors released from immunocytes could facilitate remodeling
of the ECM of primary tumors and facilitate the engraftment of
metastasizing cancer cells in distant organs.69 Overall, these
intratumoral barriers heavily affect the degree of drug
penetration and distribution inside the tumor tissue. RIPs
have a much larger size than that of conventional small-molecule
drugs; they encounter these significant obstacles that prevent
them from reaching the tumor cells.

Intracellular Barriers. Even when the anticancer drugs
could finally reach the tumor cells, there yet remains the
intracellular barrier to be overcome (Figure 1). The first
challenge is to bind to the membrane of the tumor cells. In this
regard, nonspecific electrostatic interaction with the cellular
membrane components or receptor-mediated binding could
mediate further internalization processes based on the
interaction strength.”’ Positively charged nanoparticles were

found to more readily bind to the cancer cell membranes,
possibly due to the highly negative surface of cancer cells
compared to the normal cells.”" Uptake of large molecules, such
as proteins or nanoparticles, occurs mainly by endocytosis.
Depending on the size of the substance, endocytosis proceeds in
two common pathways: (1) clathrin-mediated endocytosis (e.g.,
nonpermeable particles up to 200 and SO0 nm) and (2)
caveolae-mediated endocytosis (e.g,, up to S um particles).”
Endocytic sorting, as another barrier for drug delivery, could
recycle the endosomal drugs back to extracellular space either by
clathrin-dependent or -independent pathways.”” Therefore, the
challenge remains at the last stage of intracellular drug delivery:
endosomal escape. Specifically for proteins such as RIPs, the
macromolecules are likely to be degraded in the harsh lysosomal
environment with high acidity and abundant enzymes.” As the
targets of the RIPs are located in the cytosol compartment, RIPs
must escape from the endosomes and eventually take action for
killing the tumor cells.

B DELIVERY STRATEGIES FOR CPP-MODIFIED
PROTEIN DRUGS

There are many biobarriers in the “journey” of drugs from the
administration site to the action site. Among these, the
intracellular barrier has remained a formidable obstacle for
cytotoxic protein delivery. In this regard, various approaches
have been attempted, and the discovery of CPPs has suggested
an effective way to resolve this problem.”* For example, the TAT
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peptide which is the most widely used CPP in drug delivery has than that of Gel),"® TAT-gelonin showed augmented cytotoxic

shown capacity for carrying cargoes into almost all types of cells. effects on the tested cancer cell lines. By simply mixing the two
The cargoes varied from small molecules to proteins, genes, and components of the ATTEMPTS system, the T84.66-heparin/
even nanoparticles.”* Nevertheless, because of the nonselectivity TAT-gelonin complex could be easily prepared. Through in vitro
in their cell internalization, there yet remains the challenge of and in vivo characterization, this complex displayed selective and
how to keep the drug inactive (and safe) during blood enhanced anticancer activity against CEA-overexpressing colon
circulation but selectively activate the drug in the tumor. In cancer cells. These results demonstrated the feasibility of
order to overcome such challenges, various types of smart applying the ATTEMPTS system for protein-toxin-based cancer
strategies have been developed that include the following: (1) therapy.”®
Antibody Targeted Triggered Electrically Modified Prodrug In a previous report, Gel was genetically modified with TAT
Type Strategy (ATTEMPTS), (2) enzyme-triggered systems, peptide. When compared with Gel, the TAT-gelonin fusion
(3) pH-triggered and charge—charge-sensitive systems, (4) protein displayed greater cell internalization and enhanced
nanobased strategy, and (5) light-induced internalization cytotoxicity on various cell lines (229-, 391-, 93-, and 108-fold
systems. In this section, we will specifically introduce a novel higher activities against LS174T, HCT116, MDCK and 293
prodrug-type smart DDS developed upon TCS and Gel. HEK cells, respectively).”” With the addition of polyanionic
ATTEMPTS. The ATTEMPTS system is a Smart DDS heparin and formation of complex of heparin/TAT-gelonin, the
developed by Yang’s lab for delivering protein drugs to treat cell internalization of TAT-gelonin was dramatically reduced.
different cancers (Figure 2).” The architecture of the Charge—charge interaction is a key mechanism for controlled
ATTEMPTS system consists of (1) a targeting component, a release of protein drugs in the ATTEMPTS system. Yang’s lab
tumor-targeting ligand conjugated to heparin that possesses also developed a simplified version of the ATTEMPTS system
highly dense negative charge, and (2) a drug component, a based on a passive-targeting strategy without modification of
protein drug modified with a cationic CPP. The two antibody.”® The complex of heparin/TAT-gelonin exhibited a
components can form a stable complex via charge interaction. prodrug-type feature due to the inhibition of the CPPs-mediated
The antibody mediates tumor-targeting delivery, and the CPP cell entry, but the exposure of the CPPs can be achieved by
can facilitate internalization of the coupled protein drugs into adding the trigger protamine which is an antagonist of heparin
tumor cells with high efficiency. A short, cationic CPP such as for dissociation of TAT-gelonin from the heparin counterpart.”®
low-molecular-weight protamine (LMWP) can provide a stable Enzyme-Triggered Systems. CPP-modified protein toxins
yet reversible binding with heparin, allowing timely dissociation can efficiently kill almost all types of tumor cells. Nevertheless,
triggered by protamine via competitive substitution of LMWP. because of their rapid clearance and nonselective action, highly
By binding to heparin, the activity of the protein drugs in the effective drug delivery strategies are in need. For glioma

complex could be effectively curbed during blood circulation treatment, we developed a DDS for TCS-based therapy (Figure
due to steric inhindrance.”* Overall, the ATTEMPTS approach 3). The structure of the DDS was a fusion protein composed of

could provide an effective means for tumor-targeting of protein four components: (1) TCS as a therapeutic agent, (2) lactoferrin
drugs and, furthermore, once arrived at the tumor site, an as the carrier, (3) a peptide sequence linker that is specifically
efficient and safe way to exploit the strong cell-internalizing cleaved by glioma-associated matrix metalloproteinase 2 (MMP-

ability of CPPs.”> A proof-of-concept study of ATTEMPTS was 2), and (4) a CPP.”’ Once the DDS enters the glioma tissues led
carried out by Yang’s research group utilizing T84.66 as the by the targeting ligand lactoferrin, TCS-CPP would be

tumor targeting ligand.”® T84.66 is a well-studied monoclonal dissociated from the carrier lactoferrin, mediated by MMP-2
antibody that selectively binds to carcinoembryonic antigen cleavage. TCS-CPP was thus internalized to the tumor cells. The
(CEA) which is a widely accepted colon cancer cell biomarker.”” study showed that this DDS enhanced the antiglioma activity.””
In that study, T84.66-heparin conjugate was prepared by In another study, intein-based site-selective PEGylation was
chemical conjugation, and TAT peptide (YGRKKRRQRRR)- used to develop a PEG-based DDS for the TCS.”” A fusion
modified Gel (TAT-gelonin) was genetically engineered. protein consisting of TCS, LMWP (cell-penetrating sequence),

Similar to the Gel fusion protein modified with LMWP an MMP-2 substrate peptide (PLGLAG), and a terminal intein
(VSRRRRRRGGRRRR) that exerted significantly increased motif was genetically engineered. By using the intein-based site-
cytotoxic activity against cancer cells (20—120-fold lower ICy, selective PEGylation technique, a PEG was conjugated to the
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Figure 4. SHEATH system based on the noncovalent nanoconjugate between a recombinant TCS protein and the endogenous albumin. After
injection, such a multifunctional fusion protein would bind with the endogenous serum albumin in the bloodstream and hitchhike to the tumor site for
enhanced accumulation, where the protease-substrate peptide would be cleaved and the rTCS fragment unhitched from the carrier for taking
pharmacological action. Reprinted with permission from ref 82. Copyright 2019 Royal Society of Chemistry.

MMP-2 cleavable peptide at C-terminal. This system showed
obvious prodrug-like properties. The PEGylated TCS was stable
in the bloodstream, but with cleavage by MMP-2 in the tumors,
PEG was detached. The deshielded TCS-LMWP showed
efficient cell uptake and potent antitumor activity. In the animal
studies using the MMP-2-overexpressing HT1080 nude mice,
the PEGylated TCS-based DDS showed longer plasma
circulation, reduced immunogenicity, lower systemic toxicity,
and improved tumoricidal effects.*” In a further study, when the
PEGylated TCS-based DDS was combined with paclitaxel, it
showed synergistic antitumor activity both in vitro and in vivo
and reversed paclitaxel resistance in the A549/T lung tumor
model.*' The antiresistance mechanism was related to inhibition
of the paclitaxel-induced elevated caspase-9 phosphorylation as
well as activation of caspase-3 and induction of apoptosis.

We also developed a novel DDS termed the Smart Hitchlike
via Endogenous Albumin-Trichosanthin Hinge (SHEATH)
system. The SHEATH system is composed of (1) TCS, (2)
TAT peptide, (3) a protease substrate peptide (consisting of
proline, threonine, and asparagine; PTN), and (4) an albumin-
binding domain (ABD) (Figure 4).” The TCS-TAT-PTN-
ABD fusion protein, constructed by genetic recombination,
could automatically form conjugates with albumin mediated by
the binding of ABD. The results showed a higher cell uptake
efficiency of TCS-TAT-PTN-ABD, suggesting the effective
dissociation of TCS-TAT from the conjugate of TCS-TAT-
PTN-ABD/albumin, due to proteolytic cleavage of the PTN
peptides and the subsequent TAT-mediated cell internalization
of protein drugs.
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pH-Triggered Systems. An acidic extracellular environ-
ment inside the tumor tissue, caused by lactate secretion from
glycolysis, is a driving factor for tumor progression and
metastasis.”> A pH-triggered smart DDS is commonly built to
undergo structural alteration based on the pH change between
the normal tissues and tumors as well as between the inside and
outside of tumor cells.”* A common design of a pH-triggered
DDS is to modify the protein-drugs-loaded nanoparticles with a
pH-sensitive polymer. For instance, a pH-responsive copolymer
(stearoyl-PEG-polySDM) with an apparent pK, of 7.2 was used
to modify the protein-loaded liposomes, thus rendering
liposomes bearing a negative surface charge in neutral pH and
stable due to the charge repulsion.*> However, the charge
density would decrease in acidic condition (e.g.,, pH 6.5), which
lead to aggregation of the liposomes due to the colloidal
instability and facilitated the accumulation of liposomal drug in
the tumor sites. Another interesting example is a pH-responsive
toxin protein constructed by genetic engineering.”® Listeriolysin
O (LLO) is a cytolysin with a pore-forming function in cell
membranes, which is characterized with a pH sensor identified
in its structure. In this work, LLO was engineered for developing
a pH-triggering pore-forming mutant, based on detailed
structural analysis coupled with molecular dynamics and
mutational analysis.

Nanobased Strategy. To date, many types of nanoparticles
have been developed, and their application for drug delivery has
revolutionized the pharmaceutical field. The use of nano-
particles could generally provide (1) increased plasma stability
of drugs, (2) selective and augmented drug accumulation in
tumor tissue, (3) codelivery of different types of drugs, as well as
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Figure 6. Photochemical internalization (PCI) of cytotoxic proteins. Once the photosensitizers and the gelonin fusion proteins associate to the cancer
cell membrane, they become (A) internalized by endocytosis. (B) While both the photosensitizers and gelonin fusion proteins colocalized in the
endosomes, with laser irradiation, reactive oxygen species (ROS) are generated and ruptures the endosomal membrane. (C) The released gelonin
fusion proteins inhibit the substrate ribosomes in the cytosol and induce cell death.

(4) effective ways to overcome multidrug resistance.®’

Specifically, for proteins, the nanoparticles could also help to
preserve their molecular conformation and biological activity.
Furthermore, nanoparticles can also facilitate the cellular entry
of poorly cell-permeable protein drugs and, moreover, help their
endosomal escape after internalization. For example, Gel barely
enters cells and has a limited access to cytosol. To overcome this
issue, Provoda et al. encapsulated Gel in a pH-sensitive liposome
with a pore-forming protein LLO,*® which possesses trans-
location ability to escape from the endosome. The cellular
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results showed that this liposomal Gel had rapid cytocidal effects
on B16 cell with a high efficiency (ICs,: 100 pM). These results
were further supported by in vivo studies using the B16
melanoma mice model.**

The nanoparticles can also serve as an effective platform for
the codelivery of different drugs enabling combination therapies.
For instance, a nanoparticle-based strategy has been developed
to codeliver TCS and albendazole (ABZ, an antihelmintic drug
that can inhibit tubulin polymerization) to tumor cells (Figure
5).*” This nanoparticle system was composed of a self-
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assembling complex of ABZ-encapsulated negatively charged
albumin silver nanoparticles and cationic cell penetrating
peptide-modified TCS. These nanocomplexes were effective
for the treatment of drug-resistant AS49/T lung tumor and
prevention of metastasis in vivo.

Light-Induced Internalization Systems. A major bottle-
neck challenge of many cytotoxic proteins (e.g,, TCS and Gel)
for successful application to cancer therapy lies in their nearly
cell-impermeant property. This obstacle includes not only their
difficulty in initially entering the cell membrane but also
escaping from the endosomes once internalized. For the CPP-
modified proteins, it has been previously reported that
facilitating their endosomal escape could result in greater
translocation to the cytosol.”® To this regard, photochemical
internalization (PCI) has widely been studied.”"”” PCI is a
technique that uses light to activate the photosensitizers (e.g.,
porphyrin, phthalocyanine or chlorin dyes etc.), taken up by the
target cells. As a product of the photosensitizer activation,
reactive oxygen species (ROS) are generated. ROS can interact
with the endosomal membranes and lead to the disruption,
eventually causing a subsequent release of the endosomal
substances (Figure 6).”° Theoretically, this strategy could be
applied to any therapeutic drug, including protein toxins.
Therefore, highly potent but cell-impermeant protein toxins are
an ideal drug model for studying the PCI-based drug delivery
strategy. For instance, Berg et al. reported that PCI treatment
with Gel and photosensitizer in cervical carcinoma cells led to a
200-fold greater cytotoxicity than single treatment.” Further-
more, there was eradication of sarcoma in 50% of the Gel-PCI
treated mice, while a significant inhibition of tumor growth was
observed in the remaining 50% mice.”* There are also reports of
PCI studies with Gel fusion proteins. For instance, Bull-Hansen
et al. performed PCI studies with HERZ-targeting MH3-B1/Gel
fusion proteins for treatment of ovarian cancer.”’ With this PCI
treatment, both SKOV-3 cells (resistant to trastuzumab and
MH3-B1/Gel monotherapies) and SK-BR-3 cells (sensitive to
trastuzumab and MH3-B1/Gel monotherapies) showed great
cell killing effects to similar extent. Furthermore, Berstad et al.
engineered Gel/EGF fusion protein and tested the PCI efficacy
in vitro and in vivo.”> The results showed that PCI treatment
induced an efficient cytosolic release of Gel/EGF selectively in
EGFR-expressing A431 tumor cells, in which apoptosis,
necrosis, and autophagy. The animal study further demonstrated
a high treatment efficacy. Weyergang et al. also studied the PCI
treatment effect with VEGFR-targeting VEGF121/Gel fusion
proteins.”” The VEGF121/Gel efficiently entered VEGFR1- and
VEGFR2-expressing cells and caused cytocydal effects in
combination of PCI treatment. In animal studies, synergistic
effects on inhibition of tumor growth and perfusion were
observed, showing a 50% complete remission (CR) of allografts;
interestingly, however, CR was not achieved in athymic nude
mice, suggesting potent antitumor immunity was induced by
VEGF121/Gel-PCI treatment.

B CONCLUSION

This review discusses the major biobarriers against delivering
protein toxins to the tumor site and outlines the advances in
smart DDS developed for tumor-targeting delivery of RIPs. The
RIPs possess extraordinary potency for inhibiting protein
synthesis and have long been considered as the promising
anticancer agents. Nevertheless, their inability to internalize
tumor cells (in case of the type 1 RIP) and nonselectively toxic
nature severely halted the clinical translation of these proteins
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for cancer therapy. Owing to the discovery and application of
various CPPs, efficient intracellular delivery of proteins is
teasible. However, the CPP-mediated protein delivery methods
have a disadvantage of nonselectivity in cell uptake. Therefore, it
islong-sought goal to exploit the high efficiency and selectivity of
CPP-mediated delivery, and many efforts have been made.
However, clinical translation of CPP-modified proteins is still far
from reach and further exploration is needed. Currently, the
prodrug-type strategies have been mostly investigated for
developing effective DDS for keeping the CPP-modified protein
drugs inactive in blood circulation but becoming fully activated
in the tumors. CPP-based protein therapies will emerge as
promising modes of tumor treatment in the future. In addition,
the nanotechnology-based delivery systems of protein toxins
could also be a potential solution because of the ability of
nanomediated tumor-targeting and intratumoral/intracellular
delivery.
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