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Abstract: The integration of drugs into nanocarriers favorably altered their pharmacodynamics and
pharmacokinetics compared to free drugs, and increased their therapeutic index. However, selective
cellular internalization in diseased tissues rather than normal tissues still presents a formidable
challenge. In this chapter I will cover solutions involving environment-responsive cell-penetrating
peptides (CPPs). I will discuss properties of CPPs as universal cellular uptake enhancers, and the
modifications imparted to CPP-modified nanocarriers to confine CPP activation to diseased tissues.
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1. Introduction

Formulation of drugs with nanocarriers increased their circulation time through decreased
elimination by biological defense mechanisms, resulting in improved patient compliance and survival
over free drugs against cancer [1–6]. Once the diseased tissues are reached after administration, the
nanocarriers need to be internalized for the drug cargo to act on its intracellular target. One of the
most frequent modification to increase intracellular drug delivery is the grafting of cell-penetrating
peptides (CPPs) [7–9]. Conjugation of CPPs to increase cellular uptake stems from mimicry of viruses
uptake. Indeed, among the most powerful CPPs are the transcription and transactivator from HIV-1
(TAT) and VP22 of herpes virus, both promoters of virus transduction [10,11].

CPPs are either natural or synthetic and possess cationic, amphiphatic or hydrophobic membrane
translocation domains that enhanced the intracellular delivery of several types of nanocarriers [7,11–13].
However, conjugation of CPPs is a double-edged sword as their membrane translocation power is
limited by the lack of CPP tropism to diseased tissues, with detrimental uptake of CPP-modified
nanocarriers by normal tissues [11,14].

Exposition of CPP only after activation by pathophysiological traits has been proposed to reduce the
internalization of CPP-modified nanocarriers by normal tissues [11,14]. In such environment-responsive
CPP-modified nanocarriers, the CPP is hold in a stimuli-labile scabbard until being drawn out after
encountering the appropriate stimuli. The principal environment stimuli used are light, acidosis, redox
imbalance and proteases [11,15].

After a brief description of CPPs properties, I will discuss strategies of environment-responsive
CPP-modified nanocarriers.

2. Cell Penetrating Peptides

Primarily, CPPs were peptides with membrane translocation properties identified in viruses (e.g.,
HIV TAT, herpes virus VP22), in fly (Penetratin), in bacteria (Mce1A) (Table 1) [8,10,16,17]. CPPs are
usually classified as: biologically derived that is, the translocation domain sequence of protein sufficient
for cellular membrane crossing; model CPPs which contain translocation sequences of biological
CPPs together with modifications to increase their hydrophobicity or stabilize alpha helixes such as
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α-aminobutyric acid and; synthetic CPPs which are either fusion of domains from different biological
sources or have been identified by phage display [13,18,19]. These peptides are usually rich in basic
residues and thus positively charged at the extracellular pH of 7.2–7.4, a positive charge resulting in
electrostatic interactions with negatively charged cell surfaceleading to their rapid endocytosis [12,20].

Several modes of cellular internalization of CPPs have been described (Reviewed in [8,21–23])
One can distinguish endocytic internalization and non-endocytic internalization modes of CPPs.
Endocytosis appears to be the mode of entry of most CPPS [21,23,24]. However, endocytic uptake
(micropinocytosis, clathrin-mediated endocytosis and caveolae-mediated endocytosis) all lead of to
CPP-cargo accumulation in lysosomes [21,23,25–27]. To address endosomal accumulation dual-function
CPPS 3 strategies have been used: (1) insertion of histidine residues in the CPP for protonation at acidic
endosomal pH followed by an increase of osmotic pressure destabilizing the endosomal membrane [28],
(2) introduction of pH-sensitive domains that destabilize membranes at endosomal pH such as influenza
hemagglutinin-derived peptide HA2 and artificially designed peptide GALA [24,29,30], 3) coupling of
hydrophobic peptide domains to the CPP with or without spacer [26].

On the other hand, CPPs are also able of direct membrane penetration by pore formation,
thereby bypassing endosomes with direct delivery into the cytosol, with examples including TAT and
Pep-1 [8,22]. The pore formation is induced by a change of CPP orientation followed by insertion in
the membrane bilayer when the CPP coverage is dense enough at the cell surface [25,26,31].

Mechanisms of cellular uptake of CPP conjugated to low molecular weight agents or grafted
onto nanoparticles has been reviewed in detail elsewhere [7–9,16,32,33]. The list of identified CPPs
keeps increasing and, synthetic CPPs such as octaarginine (R8) have been designed to enhance cellular
uptake of CPP-conjugated materials [16,31,34].

The intracellular delivery and therapeutic activity of various cargoes such as small molecules
(e.g., Doxorubicin), proteins (e.g., β-galactosidase), nucleic acids (e.g., siRNA), have been increased by
conjugation to CPPs [9,13,18,34]. Conjugation of CPPs also increased the crossing of biological barriers
such as the blood brain barrier (BBB) and the intestinal mucosa. In one example of facilitated BBB
crossing, conjugation of the Rabies Virus Glycoprotein (RVG)-derived CPP to brain-derived neurotropic
factor augmented its accumulation into the central nervous system after intravenous delivery [35].
Later, a synthetic CPP composed of RVG fused to nonaarginine (RVG-9R) could carry siRNA into
the brain after systemic injection with, gene silencing in neurons resulting in protection against viral
encephalitis [36].

Oral delivery is a very common route for pharmaceuticals and CPPs are helpful tools to increase
their intestinal absorption [4,14,34]. Examples of CPPs capable of intestinal mucosa transduction
include TAT and Penetratin [14,37].

The pharmacological interest of CPPs conjugation is validated by the increasing number of
CPP-drug conjugated reaching Phase I / Phase II clinical trials for indications such as cancer, vascular
diseases or, dystrophy (see [14,22] for references to clinical trials).

Since nanoparticles (NPs) have improved efficacy and flexibility in cargo loading over conjugation
strategies, CPP modifications were also applied to nanocarriers [4,6,9,18]. Even though addition of
CPP units to nanocarriers primarily aims at unspecifically addressing the limited endocytosis challenge
of nanomedicines, I will describe stimuli-sensitive strategies able to tame the membrane transduction
power of CPPs to turn them into targeting ligands [11,14,38].
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Table 1. Examples of conventional and stimuli-sensitive cell-penetrating peptides CPPs.

CPP Name CPP Sequence Stimuli Ref.

TP10 AGYLLGKINLKALAALAKKIL-NH2 [39]

TP10-5 AGYLLGKINLKKLAKL(Aib)KKIL-NH2
Aib: α-amino-isobutyric acid [40]

TH AGYLLGHINLHHLAHL(Aib)HHIL-NH2 Protonation at tumor pH [40]

Penetratin RQIKIWFQNRRMKWKK-NH2 [39]

TAT-(47–57) YGRKKRRQRRR-NH2 [39]

Rabies virus glycoprotein
(RVG)

KSVRTWNEIIPSKGCLRVGGRCHPH
VNGGGRRRRRRRRR [35]

Polyarginine Rn, most frequently R8 [18]

Activatable CPP (ACPP) Succinyl-E8-(x)-PLGLAG-R9-C(Cy5)-NH2
x = 6-aminohexanoyl Matrix metalloproteases (MMP) 2/9 [39]

Dual-triggered ACPP
(dtACPP)

E4K4-aminohexanoic
linker-PLGLAG-R9-minohexanoic

linker-MMP2 cleavable peptide
Low pH and MMP2 [41]

2.1. Stimuli-Sensitive CPP-Modified Nanocarriers

Although CPP conjugation greatly increased the cellular uptake of pharmaceuticals and
nanocarriers in cell lines, their rapid and non-specific translocation of cell membranes is a challenge for
in vivo applications [14,42]. Such low specificity of CPPs in vivo is evidenced by the retention of TAT and
R9 at the injection site, with secondary distribution to the liver and, rapid blood clearance, demonstrating
a requirement for improved pharmacokinetics [42,43]. To address the CPP dilemma of “potential to
induce uptake by any cells but without specificity”, conversion of CPPs into stimuli-sensitive CPPs
whose endocytosis is triggered only when appropriate pathophysiological conditions are met have
been developed [6,14,42,44].

In stimuli-sensitive CPPs, the membrane translocation activity is quenched by a scabbard, scabbard
which is selectively removed / degraded by factors present in the diseased tissue environment to induce
cellular uptake only at the target site. Several types of scabbards are employed: either a voluminous
masking group released after cleavage, a photo-responsive protective group cleaved after irradiation
or, a charge-reversal unit (Figure 1).
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Figure 1. Strategies of CPP conjugation to nanocarriers. Conventional CPP coupling unselectively
increases nanocarrier’s endocytosis both by normal and diseased tissues. Oppositely, stimuli-sensitive
CPPs display higher selectivity as CPPs are hold in a scabbard until activation by a threshold
concentration of stimuli thereby decreasing non-specific endocytosis.

The benefit of stimuli-sensitive CPPs over conventional CPPs has been well illustrated by
Tsien et al. [42]. They compared the biodistribution and pharmacokinetics of systemically-injected
fluorescently-labeled CPPs and stimuli-sensitive CPPs (ACPP, Activatable CPPs). Immediately after
injection, CPP bound to the first cells they encountered that is tail vein vascular cells, with a secondary
distribution to liver and kidney. On the contrary, minimal binding to tail vein vasculature was observed
with ACPP, resulting in longer stability in the blood circulation thereby increasing the possibility to
distribute to diseased tissues.

The second strategy of stimuli-sensitive CPPs consists in steric hindrance masking of CPPs
by a hydrophilic group such as a polyethyleneglycol (PEG) conjugated onto the nanocarrier by a
stimuli-labile linker to keep CPPs inactive until reaching the diseased tissue [8,9,11,15,45]. In addition
to serve as a scabbard, PEG engraftment also increases the biocompatibility of nanocarriers and takes
advantage of the vast library of chemical strategies available for PEG conjugation [46,47].

Both strategies may be viewed as integration of the CPP sword to cut cell membrane for nanocarrier
cellular penetration into a labile scabbard, with the pathophysiological stimuli playing the role of
attack signal to advantageously combine defense against extracellular immune system and offensive
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engaging of diseased cells. I will describe strategies combining a CPP sword and scabbard where the
attack signal is either light irradiation, tumor acidosis, redox imbalance, or environment proteases.

2.2. Light-Responsive CPP-Modified Nanocarriers

The development of two-photon lasers, light emitting diodes (LEDs), and near infrared (NIR)
sources as well as optical fibers make light an attractive physical stimulus [48]. CPP-modified
nanocarriers with light-triggered drawing out of CPP rely on photo-responsive linkers which are
cleaved after irradiation [49].

The design of nanocarriers with light-triggered CPP display is the focus of Pr. Mei’s group and,
their work on photo-responsive CPPs (pCPP) will be presented to cover potential applications of
this strategy. They designed di-oleyl-sn-phosphatidylethanolamine-PEG-Photoresponsive group/CPP
(DSPE-PEG-pCPP) conjugates where the hydrophobicity of the DSPE allows insertion into liposomes or
nanostructured lipid carriers (NLC), the PEG unit imparts biocompability and improves the ability of
the CPP to interact with the cell membrane and, the photo-cleavable unit cages the CPP until irradiation.

One of the CPP photo-cleavable CPP masking group they used is UV-sensitive
6-nitroveratrylcarbonyl (Nvoc) for paclitaxel (PTX) delivery [50]. First, they conjugated UV-labile Nvoc
to the Lysine side chains of a Penetratin-derived CPP (CKRRMKWKK) to obtain an Nvoc/CPP complex
designed as photo-responsive CPP (pCPP). Second, pCPP was coupled to DSPE-PEG2000-maleimyde
to produce DSPE-PEG2000-pCPP. Finally, DSPE-PEG2000-pCPP was used for the preparation of
PTX-loaded nanostructured lipid carriers (pCPP-NLC). They confirmed UV-induced in vitro removal
of the masking unit with more than 85% of Nvoc groups cleaved after 10 min irradiation (λ = 365 nm).
Light-induced CPP exposure increased by 2-fold the cellular uptake of pCPP-NLC over un-irradiated
counterparts and, allowed deeper penetration of multicellular spheroids.

The imaging results of multicellular spheroids penetration illustrate the contribution of
light-triggered CPP display to decreased non-specific interactions. Indeed, whereas CPP-modified
NLC without masking group (“always on” and non-specific CPP-NLC) showed significant penetration
across spheroid cell layers, non-irradiated pCPP-NLC distribution was limited to outermost spheroid
cell layers and exhibited significant spheroid penetration only after UV irradiation.

Despite these promising results, the dependence on UV light irradiation is bound with limitations
such as limited skin penetration at these wavelengths and photo-toxicity [51]. These limitations
were addressed by changing the UV-labile Nvoc group for a near infrared (NIR)-sensitive one,
4, 5-dimethoxy-2-nitrobenzoyl [52]. A 30 min NIR (λ = 740 nm) irradiation of these PTX-loaded
NIR-responsive pCPP-NLC led to 85% CPP uncaging in vitro and increased cellular uptake by
nearly 2-fold compared to un-irradiated pCPP-NLC resulting in antitumor activity in vivo after
intravenous administration.

Phototoxicity is another limitation of photoreactive compounds with both direct toxicity due to
photobinding of endogeneous molecules and indirect toxicity due to oxidation of proteins or DNA
resulting in skin irritation and cellular apoptosis (reviewed in [48]).

2.3. Enzyme-Responsive CPP-Modified Nanocarriers

Growth of solid tumors requires both digestion of the dense extracellular matrix and construction
of a tumor neovasculature to get nutrients and support metastasis, two calls answered by secretion
of proteases such as matrix metalloproteases (MMP) and angiogenic factors by tumor cells [53].
This promoted the use of protease-substrate peptides as linkers for drug delivery, with several
protease-substrate / CPP combination strategies [15,44,54,55].

Torchilin and coworkers developed an enzyme-triggered TAT display for tumor-specific paclitaxel
delivery using MMP2-sensitive PEG-drug conjugates (Figure 2) [19].
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Figure 2. Drug delivery strategy of the MMP2-sensitive self-assembled PTX nanopreparation.
The PEG2000-substrate peptide-PTX conjugate self-assembles into loose micelles which are stabilized
by lipids harboring TAT. Whereas TAT is buried by longer PEG layers in the circulation, cleavage of
the substrate by tumor-secreted MMP2 leads to TAT-mediated cellular internalization for anticancer
therapy. Reproduced with permission from [19].

In this formulation, paclitaxel (PTX) is solubilized in the hydrophobic core with a high drug
loading (15% by weight), a core coated by a PEG shell of an MMP2-cleavable PEG2000-substrate
peptide-PTX conjugate, a shorter DSPE-PEG1000-TAT conjugate and, PEG1000-DSPE as a colipid
building block to further stabilize the assembly.

These units acted in a cooperative manner. In the circulation the PEG shield favored primary
tumor accumulation by EPR effect and decreased toxicity to healthy tissues associated with free drug
and burst release from micelles after intravenous injection. Once in the tumor bed, MMP2-conditioned
cellular uptake resulted in superior therapeutic activity over Taxol© and insensitive PTX micelles.

Tsien’s group introduced a new modality of CPP activation by proteases, with nonaarginine (R9)
CPP masked by an oppositely charged peptide (E8) via a peptide substrate linker [42]. The matching
peptide neutralizes CPP’s charge to decrease non-specific interactions, the CPP is exposed after cleavage
of the peptide linker by enzymes overexpressed in the tumor microenvironment, a concept coined
Activatable Cell Penetrating Peptide (ACPP, Table 1) [56]. Functionalization of ACPP with a Cy5-Cy7
FRET pair, allowed detection of primary tumors and metastases and removal of tumor tissue during
image-guided surgery [57]. This strategy has also been applied to drug delivery and some examples
will be detailed.

Urokinase plasminogen activator (uPA) is particularly overexpressed in glioma’s neovasculature
and an uPA-triggered CPP was developed for paclitaxel anti-glioma therapy [58]. The biodistribution
of bare PTX-loaded NP (NP), CPP-conjugated PTX-loaded NP (CNP) and, uPA Activatable
CPP-conjugated PTX-loaded NP (ANP) was compared. Whereas ANP and CNP showed similar
accumulation in normal tissues -including normal brains- after intravenous injection, ANP exhibited
a 2-fold higher accumulation in intracranial glioma over CNP and NP. This higher accumulation in
brain tumors was mirrored with a longer survival of ANP-treated glioma-bearing mice demonstrating
promising therapeutic benefits of uPA ACPP for drug delivery to brain tumors.

For an even more selective tumor-targeted DNA delivery, dendrimers conjugated with an ACPP
triggered by low pH and secreted MMP2 (dual-triggered ACPP, dtACPP) were developed [41].
In this formulation, dtACPP (E4K4-aminohexanoic linker-PLGLAG-R9-aminohexanoic linker-MMP2
cleavable peptide) is composed of a CPP (R9) linked to a neutralizing E4K4 peptide via an
MMP2-substrate peptide. The charges of arginines are electrostatistically complexed by E4K4
(pKa = 6.4), negatively charged at pH 7.4 but acquiring a positive charge at acidic tumor pH. While
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the low pH decreases interaction between R9 and E4K4, the CPP still cannot interact with cells
and, only becomes activated after cleavage of the linker by MMP2 assuring high tumor selectivity.
After intravenous injection, EGFP encoding DNA-loaded dendrimers conjugated with dtACPP led
to superior tumor accumulation / lower liver entrapment and, higher GFP expression in cancer
cells over those conjugated with uncleavable ACPP and R9 only, demonstrating the benefit of this
two-step controlled activation of CPP. Finally, multifunctional liposomes encapsulating siRNA were
functionalized with folate and a dtACPP responsive to prostate-specific antigen (PSA) and low pH, for
further increased tumor selectivity [59]. In this platform, folate is expected to bind to prostate-membrane
specific antigen (PMSA) which is enriched at the membrane of prostate cancer cells. Folate is coupled
to a longer PEG conjugate (DSPE-PEG5000-Folate) than dtACPP (DSPE-PEG2000-dtACPP). Thus,
folate is expected to favor the interaction of the liposomes with cancer cell membrane before activation
of the R8 CPP by low pH and secreted PSA in the tumor microenvironment. Authors demonstrated
enhanced tumor accumulation and therapeutic activity of multifunctional liposomes over these with
only folate, or only dtACPP.

2.4. Acidosis-Responsive CPP-Modified Nanocarriers

The dependence of tumor tissues on glycolysis for ATP generation over oxidative respiration,
is associatedwith overproduction of carbonic and lactic acid resulings in acidosis of tumor tissues [60].
This acid pH of tumors (pH < 6.8 compared to physiological pH of 7.2–7.4 in normal tissues) has
fueled the design of pH-responsive linkers for both tumor drug delivery and imaging [6,15,60–62].
Thus, pH has been used as stimuli for tumor-targeted delivery with three frequent design options:
CPP exposure after detachment of a PEG scabbard, optimization of the CPP sequence to turn it into a
protonable peptide, introduction of a charge-reversal moiety.

Apte and coworkers developed doxorubicin-loaded immune-liposomes with acidosis-induced
exposure of TAT for cancer therapy [63,64]. In their design, PEGylated liposomes encapsulating
doxorubicin were coated with PEG conjugates of distinct lengths disposed as onion rings: the longest
PEG conjugate carries the cancer cell surface nucleosomes-specific antibody 2C5 for tumor-targeted
delivery (2C5-PEG3400-DSPE), the PEG conjugate of intermediate length harbors an hydrazone (Hz)
bond for cleavage at acidic tumor pH, a cleavage leading to the exposure of previously buried TAT
(introduced as a TAT-PEG1000-DSPE conjugate). Acid pH induced TAT exposure allowed 1.8-fold
higher cellular uptake of liposomes in cellulo after incubation at pH 5.0 compared to pH 7.4 and,
superior tumor accumulation and decrease in tumor growth after systemic administration over non
pH-sensitive liposomes.

Another solution to pH-sensitive CPP-mediated endocytosis of nanocarriers is to alter the sequence
of the CPP replacing the positively charged amino acids by protonable ones such as histidine to convert
it into a pH-sensitive CPP.

I will describe the steps of transportan 10 (TP10) optimization to illustrate this CPP design
strategy [40,65,66]. TP10 is a CPP derived from the mastoparan wasp peptide, a lysine rich α

helical peptide, with a high proportion of positively charged residues that favor the intracellular
delivery of conjugated therapeutic cargo [39]. It was first reported that conjugation of TP10 to DNA
dramatically increased its cellular uptake, with a superior intracellular DNA delivery over penetratin-
and TAT-conjugated DNA [39]. However, this superior uptake was mirrored with high cell content
leakage and cytotoxicity. Thus, optimization of TP10 sequence was required to turn it into a potent and
safe CPP. Based on the observation that TAT and Penetratin have a higher density of positively charged
residues, the first optimization step was substitution of TP10 alanine residues by lysine. TP10-5 was
identified as an improved analog of TP10. This peptide contains two alanine-to-lysine substitutions
and inclusion of the alpha helix stabilizer α-aminobutyric acid (Aib) to increase amphiphicity and
facilitate cell membrane crossing. Whereas fluorescently-labeled TP10-5 displayed increased cellular
uptake over TP10 both in normal and cancer cells, this increase was associated with higher cytotoxicity,
suggesting the need for a second optimization step. The second step was to convert TP10-5 into a



Processes 2019, 7, 727 8 of 17

pH-triggered CPP for increased specificity towards cancer cells [40]. To do so, they replaced lysines in
TP10 (pKa = 10.2, positively charged at extracellular pH 7.2–7.4) by histidines (protonable at acidic pH,
Figure 3) to obtain the TH peptide (Table 1).
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This peptide demonstrated pH-dependent cellular uptake with a more than 2-fold higher
cell-associated fluorescence detected by flow cytometry after incubation at pH 6.0 over pH 7.4.
TH acidosis-conditioned cell membrane crossing also abolished the cytotoxicity of TP10 at pH 7.4 and,
when conjugated to cisplatin, showed higher anticancer activity at pH 6.0 compared to pH 7.4.

In the final step, paclitaxel-loaded liposomes decorated with this ideal derivative of TP10
exhibited acid pH-dependent cellular uptake both in cancer cell monolayers and spheroids [66]. Finally,
activation of TH-conjugated liposomes by tumor microenvironment was confirmed in vivo with 1.67-fold
higher accumulation of TH-liposomes over non-responsive liposomes after intravenous injection.
Subsequently, demonstration of superior anticancer activity of TH-conjugated paclitaxel-loaded
liposomes in several tumor models expands the list of tumor-targeted CPPs [66–68].

Another example of sequence defined pH-responsive CPP is the R6H4 CPP which has been used
for gambogic acid (GA) tumor-targeted delivery [69]. GA-loaded lipid nanoparticles (cp-rHDL/GA
nanoparticles) include recombinant high density lipoprotein (rHDL) to increase drug loading and
R6H4 as CPP (cp) for acid pH-conditioned intracellular GA delivery. Tumor selectivity relies on
R6H4, a synthetic CPP which contains arginine for interaction with cell membranes and membrane
translocation and, protonable histidines for acid-triggered uptake. The balance of arginine/histidine
was finely tuned to achieve a 4-fold enhanced cellular uptake of R6H4 at pH 6.4 over pH 7.4 [70].
In sharp contrast, peptides without histidines or with higher arginine-to-histidine ratios had no
pH-selectivity. Cp-rHDL/GA NP exhibited acid-triggered endocytosis and cytotoxicity in cellulo and,
higher tumor accumulation and anticancer activity over rHDL/GA NP in vivo after systemic injection.
The tumor selectivity and treatment benefit achieved by this simple modification makes it a good
candidate to turn conventional drug delivery nanocarriers into tumor-targeted ones.

The third option is to convert the CPP into a charge-reversal peptide. This strategy was applied to
TAT for doxorubicin delivery [71]. TAT was converted into an acidosis-sensitive CPP, by amidization
of the lysine residues (amidized TAT, aTAT) imparting them a negative charge at neutral pH. They
took advantage of the enhanced degradation of amide groups at pH 6.0 over pH 7.4 to induce an
acidosis-triggered recovery of lysine positive charge to trigger TAT-mediated endocytosis in the acidic
tumor environment.

aTAT-conjugated doxorubicin-loaded micelles displayed decreased blood clearance and 4-fold
higher doxorubicin accumulation in tumor tissues over conventional TAT-modified micelles,
demonstrating acid-triggered endocytosis in tumors after systemic administration of a nanocarrier
with acid pH-dependent charge reversal.

A further refinement in using amides for tumor targeting has been described by Han and
coworkers with, amidization of both the copolymer and the CPP leading to stepwise charge-reversal
for enhanced doxorubicin nuclear uptake [72].

Their design consists in using a poly-L-Lysine / poly-L-Leucine diblock copolymer where the
lysine residues are amidized by 2,3-dimethylmaleicanhydride (PLLeu-PLL(DMA)) and TAT’s lysine
are amidized by succinyl chloride (TAT(SA)) to obtain PLLeu-PLL(DMA)-TAT(SA), PPDTS micelles.
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PPDTS could self-assemble in 20 nm spherical micelles capable of high doxorubicin loading (15.6%
by weight). A dramatic induction of cellular uptake by environmental acidity was measured by flow
cytometry: whereas only 12% cells were positive for PPDTS after incubation at pH 7.4, this proportion
reached 46% after incubation at pH 6.5. Moreover, TAT (SA) intracellular activation led to superior
doxorubicin delivery in the nucleus over PPD, resulting in higher cytotoxicity.

2.5. Redox-Responsive CPP-Modified Nanocarriers

Redox imbalance is another tumor environment feature that gives cancer cells a proliferation
advantage due to the activation of drug resistance and detoxification pathways [73]. The reductive
stress of tumors is exemplified by the 2- to 10-fold higher glutathione (GSH) concentration in tumors
over normal tissues [73,74]. Accordingly, nanocarriers with reduction-responsive units have been
frequently used for tumor-targeted delivery [74,75].

As a proof of concept, Fu et al. designed PTX-loaded liposomes with two successive layers of PEG
coating: a reduction-sensitive outer PEG coating made of DSPE-S-S-PEG5000 as scabbard for another
DSPE-PEG2000-TAT layer closer to the liposome surface (Cleavable TAT liposomes, C-TAT-LP) [76].
Using 20-fold more DSPE-S-S-PEG5000 over DSPE-PEG2000-TAT they were able to seal TAT activity
both in cellulo and in vivo. In cellulo, the cellular uptake of PTX-loaded redox-responsive liposomes
increased by 4-fold after incubation with recombinant GSH. GSH incubation also conditioned the
cytotoxicity against cancer cell lines. Intravenous injection of C-TAT-LP followed by recombinant
GSH injection in murine melanoma models led to superior distribution to tumors and tumor growth
inhibition over liposomes harboring TAT without a stimuli-responsive coating (TAT-LP). Notably, the
decreased tumor accumulation of “always on CPP” liposomes could be attributed to their dominant
accumulation in the liver, implying a significant contribution of non-specific uptake of TAT-LP to their
inferior therapeutic activity.

3. Nanocarriers Modified with Intracellular Penetrating Peptides

Even after blood circulation, having reached the targeted organ and CPP-mediated crossing of
diseased cell membrane, nanocarriers still require to deliver the cargo to its precise subcellular site of
action such as the nucleus for pDNA and genotoxic agents or, mitochondria for several anticancer
drugs [77]. However, the dense cytoskeleton, the abundance of organelles and the rapid degradation
of nucleic acids inside cells are significant obstacles to their intracellular movement [78,79].

The same way that CPPs were discovered from the study of virus cellular entry (with HIV-1 TAT
in 1988 [80], motifs facilitating intracellular trafficking to organelles –intracellular penetrating peptides
(IPPs)- by mimicry of viral mechanisms were also discovered [81–84].

Elimination of infected cells by induction of mitochondrial apoptosis pathways after intracellular
recognition of viral components is one of the mechanisms to limit virus spread [81]. Coevolution of
viruses with mammalian cells led them to develop anti-apoptotic viral proteins with mitochondrial
targeting sequences (MTS) to maintain host cells alive. Most of these MTS are a mix of hydrophobic
and positively charged residues to interact with the negative mitochondrial membrane potential [81,85].
One of the most advanced mitochondria-targeting nanocarrier is the dual function MITO-Porter system
of Pr. Harashima’s group [86]. These liposomes display the positively charged octaarginine (R8)
peptide as both CPP and MTS to promote interaction with cellular and outer mitochondrial membranes.
MITO-Porter is a multistage nanocarrier where an outer layer of R8 serves as CPP to enter cells by
micropinocytosis which leads to their accumulation inside endosomes. Inside the endosomes, the outer
envelope of MITO-Porter which is made of endosomal fusogenic lipids allows endosomal escape.
Then, another series of R8 serve as MTS to allow intra-mitochondrial cargo delivery [87].

In one of MITO-Porter’s applications, the cargo is the anti-oxidant Coenzyme Q10 (CoQ10) and,
systemic administration of MITO-Porter / CoQ10 prevented ischemia / reperfusion injury in a murine
model [88].
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Another example of improved intracellular cargo routing is the work of Pigeon et al. who
favored migration of exogenous DNA towards the nucleus by an adenovirus-inspired mechanism [84].
They exploited the interaction of the adenovirus protein E3-14.7K with dynein light chain (dynein light
chain Tctex type 1, DYNLT1) via FIP-1 (Fourteen.7K interacting protein), an interaction that brings it
closer to the nuclear envelope by microtubule hitchhiking [89]. As the coupling of a 14.7 KDa protein to
DNA could have been too challenging, they first determined the minimal E3 14.7K sequence sufficient
for interaction with FIP-1 and microtubules (peptide P79-98). Next, the coupling of this peptide to
pDNA using biotin/streptavidin chemistry increased its interaction with FIP-1 and directional pDNA
transport to the nucleus along microtubules, resulting in enhanced gene expression of pDNA with the
P79-98 peptide.

Rather than focusing on how viruses traffic inside cells, Sullivan’s group studied nuclear
reorganization after mitosis to identify motifs allowing enhanced exogenous DNA distribution
to the nucleus for better transgene expression [90–92]. Their hypothesis was, that because successful
transfection by polyplexes and lipoplexes is correlated with the nuclear envelope breakdown during
mitosis [93–95], hijacking of nucleus reorganization pathways after mitosis would increase nuclear
delivery of exogenous DNA in dividing cells.

They exploited histone sorting pathways as a strategy of epigenetic enhancement of
polyethylenimine (PEI)-mediated DNA transfection efficiency. This form of nuclear targeting has three
requirements: the hijacking modification should not prevent cellular uptake, promote endosomal
escape and nuclear delivery. Integration of these necessities in a single nanocarrier was achieved using
a combination of PEI for DNA complexation, endosomal escape and intracellular delivery; hijacking
of histone H3 methyltransferase (H3MT) retrograde transport pathway to direct DNA to perinuclear
regions and; histone H3 N-terminal nuclear localization sequence (NLS) for nuclear delivery [96,97].

Particularly, they relied on the dual subcellular localization of the DPY-30 subunit of H3MT [98].
DPY-30 has both a nuclear pool and a perinuclear trans-Golgi network (TGN) pool and, serves as
an endosome to TGN retrograde transporter for cargoes such as the cation-independent mannose
6-phosphate receptor (CIMPR) [98]. H3 peptide conjugation favorably altered the intracellular
trafficking of the polyplexes in several ways. First, H3 targeting enhanced polyplexes endocytosis via
caveolae rather than clathrin-mediated endocytosis, a critical feature since previous studies identified
caveolae uptake as the most significant contributor for PEI gene delivery [99]. Second, the H3 peptide
increased the perinuclear distribution of DNA. Third, the perinuclear accumulation of H3-targeted PEI
polyplexes favored nuclear incorporation of DNA during nuclear envelope reassembly after mitosis.
In addition to routing DNA to the nucleus, conjugation of H3 peptide facilitated gene expression
compared to unconjugated PEI polyplexes [90].

Altogether, their strategy opens a new avenue of bioinspired mechanisms to negotiate endosomal
escape and nuclear delivery barriers for gene therapy.

4. Clinical Trials

Several CPP-based strategies are under clinical trials (Table 2) (reviewed in [21,22,32]). AM-111
(Auris Medical) is a conjugate of the Janus Kinase inhibitor brimapitide and TAT CPP [100]. It is
administered as an otic gel for intratympanic use to treat acute hearing loss. A Phase 2 trial of AM-111
demonstrated improved hearing threshold, speech discrimination and complete tinnitus remission
compared with placebo in patients who suffered from acute noise trauma. These results led to orphan
drug designation of AM-111 by both the US Food & Drug Administration and the European Medicines
Agency for the treatment of acute sensorineural hearing loss. AM-111 was also granted fast track
designation and entered a Phase 3 trial.

Another CPP-based strategy in clinical trials is the Kisima platform developed by AMAL therapeutics.
This platform combines the Z13 CPP (KRYKNRVASRKSRAKFKQLLQHYREVAAAKSSENDRLRLLLK)
derived from the ZEBRA trans-activator of Epstein-Barr virus [101], a multiantigen domain
(Mad) consisting of portions of cancer antigens and an adjuvant peptide from the N-terminus of
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Annexin 2 (Anexa, STVHEILCKLSLEGDHSTPPSAYGSVKPYTNFDAE) [102]. This platform induced
antigen-specific immune responses in mice and non-human primates. AMAL will conduct an
international Phase Ib clinical study, referred to as KISIMA-01, to evaluate the combination of its lead
candidate, ATP128,with Boehringer Ingelheim’s anti-PD1 compound, BI754091, in Microsatellite Stable
(MSS) patients with stage IV colorectal cancer (NCT04046445).

Table 2. Examples of CPP-based strategies under clinical development.

Company Compound CPP-Cargo Condition Status Ref

Auris Medicals AM-111 TAT-brimapitide Acute innear
ear hearing loss Phase 3 [100]

AMAL
Therapeutics KISIMA Z13-Mad-Anexa Cancer Phase 1 [102]

Revance
Therapeutics RT002 TransMTS1-botulinum

toxin A Glabellar lines Phase 2 [103]

Avelas
Biosciences AVB-620 R9-Cy5/Cy7 FRET

pair

Intraoperative
tumor

detection
Phase 2/3 [105]

Amgen KAI-9803 TAT-δPKC inhibitor Myocardial
infarction [104]

Revance Therapeutics developed RT-002 for local treatment of lateral canthal lines [103]. It is
a conjugate between botulinum toxin A neurotoxin and a macromolecule transport system derived
from TAT49–57 domain. It is in clinical trials for the treatment of glabellar lines and cervical dystonia
(NCT02303002).

Amgen developed KAI-9803, a delta protein kinase C (δPKC) inhibitor derived from the δV1-1
domain of δPKC [27,104]. This inhibitor is coupled to TAT47-57. This conjugate limited total infarct size
in a Phase 2 trial in acute myocardial infarction (NCT00785954).

The high specificity of MMP-sensitive ACPP fluorescent probe has been applied for intraoperative
tumor detection during mastectomy and sentinel lymph node dissection [105]. Intravenous injection of
AVB-620 2–20 h before surgery allowed tumor specific fluorescence detection and improved resection
margins during a Phase 1 trial. This compound is now entering a Phase 2/3 trial to evaluate the accuracy
of AVB-620 imaging data to distinguish between malignant and non-malignant tissues (NCT03113825).

5. Conclusions

Although promising results in drug delivery have been achieved with conventional CPPs, their
lack of targeting specificity limits their clinical translation [9,11,14]. Taming the power of CPPs by a
stimuli-sensitive scabbard to turn them from blind cell membrane busters into spotters allowing cargo
delivery only to the targeted diseased cell [8,14,42,54].

Here I described stimuli-triggered CPPS as a powerful tool for tissue factor-activated endocytosis
of nanocarriers. Sensitivity to pathophysiological traits (acidosis, redox imbalance, overexpression of
proteases) and physical stimuli (light) allows fine control of CPPs activation for improved selectivity
and therapeutic index.

However, several outstanding questions need to be addressed to improve the penetrance of
stimuli-responsive CPPs in the targeted drug delivery field.

First, the same way that advancement of conventional CPPs-mediated drug delivery benefited
from detailed mechanistic studies, stimuli-specific investigations are required to uncover the full
potential of stimuli-responsive CPP-modified nanocarriers [14,16,39,54]. To address this aspect,
standard assessment methods may need to be developed to clarify the contradicting mechanistic results
reported for same CPPs by different authors [12,106].
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Second, biodistribution of stimuli-responsive CPPs in patients affected not only by a primary
disease but, also by secondary pathologies such as AIDS-related immune-depression or arthritis-related
chronic inflammation in elderly patients, should be considered to define their targeting potential [107].

Third, stimuli-responsive CPP-modified nanocarriers may face the same complexity and
cost-versus-benefits limitations of ligand-targeted nanomedicines and, these should be evaluated
as they could delay their clinical translation because of costs, production and intellectual property
problems [108,109].

Finally, after stimuli-triggered CPP-facilitated entry into the targetedcell, the carried drug still
requires to reach its intracellular target to exert its pharmacological activity [7]. This is where IPPs enter
in action to route the drug to particular subcellular compartments for improved therapeutic activity at
decreased dosage. The potential of scaling-up may be limited by the increased complexity and number
of domains of stimuli-sensitive CPPs, facing the same unfavorable cost versus benefit of targeted
nanoparticles [108,110]. However, this field will benefit from the ligand-targeted nanomedecines in
clinical trials [111].

The ultimate goal of CPP-mediated cargo delivery could be an integrative strategy involving both
stimuli-sensitive CPPs for tissue-specific endocytosis and IPPs to route the pharmacological agents to
their site of action inside the cell. Ultimately, the future of stimuli-responsive CPPs will benefit from
the feedback of CPP-conjugated drugs in clinical trials to synthetize a library of targeted nanocarriers
with tropism towards most human diseases.
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