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Abstract—Targeted drug delivery into the cell compartment that is the most vulnerable to effects of the corresponding drug
is a challenging problem, and its successful solution can significantly increase the efficiency and reduce side effects of the
delivered therapeutic agents. To accomplish this one can utilize natural mechanisms of cellular specific uptake of macro-
molecules by receptor-mediated endocytosis and intracellular transport between cellular compartments. A transporting
construction combining the components responsible for different steps of intracellular transport is promising for creating
multifunctional modular constructions capable of delivering the necessary therapeutic agent into a given compartment of
type-specified cells. This review focuses on intracellular transport peculiarities along with approaches for designing such
transporting constructions for new, more effective, and safer strategies for treatment of various diseases.
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The targeted delivery of therapeutic agents is now
one of the most urgent problems of modern biomedicine,
pharmaceutics, and nanomedicine: it is sufficient to note
that Web of Science refers to five journals with titles
including the word combination “Drug Delivery”, and
Google Academy considers more than a dozen journals
with such titles. The development of systems for drug
delivery is one of the major lines in the innovation activi-
ties of the largest pharmacological firms of the world.
During the last decade, special attention has been given to
delivery of a drug not simply into the target cell but also
into its specified compartment (about drugs for which just
such approach is required, see below). If the drug is not
specific to the required intracellular compartment, to
enter this compartment it has either (1) to be highly sta-

Abbreviations: CPP, cell penetration peptides; HMP, hemoglo-
bin-like protein of E. coli; MNT, modular nanotransporters;
NES, nuclear export signal; NLS, nuclear localization signal;
PAA, polyamidoamine; PEI, polyethyleneimine; PS, photo-
sensitizer; ROS, reactive oxygen species; TAT, trans-activator
of transcription.

* To whom correspondence should be addressed.

bile to get into the required compartment due to random
translocation processes without degradation, or (2) to be
given with special features allowing directional reach of
this compartment. The second variant is much more sig-
nificant if the drug has increased affinity for an undesired
compartment [1]. There have been and still are attempts
to solve this problem using both approaches.

The attempts using the first approach resulted in
substances capable of getting into, e.g. acidified endocy-
totic compartments due to their physicochemical proper-
ties; however, the same result can be obtained using the
second approach with receptor-mediated endocytosis |2,
3]. In the present review we shall focus attention just to
the second line of studies and developments, which use
natural intracellular traffics for targeted drug delivery.
This approach simplifies the problem of combining in the
drug or in the system of its delivery two apparently dis-
cordant complexes of features: providing for specific
“recognition” of target cells (that can be realized based
on specific features of the cell surface molecules) and the
highest efficiency (that for many drugs can be realized
only on penetration into the cell and its particular com-
partment) [4].
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DRUGS REQUIRING INTRACELLULAR
TARGETED DELIVERY

Despite of essential advances in the development and
creation of new therapeutic approaches, there is still no
effective treatment for many socially important diseases.
By and large, this paradox is explained by limitations
inherent in traditional therapies: low doses of drugs are
not always effective, whereas high doses can often be asso-
ciated with serious toxic manifestations. However, the
increasing bulk of data on genes, signaling cascades, and
regulatory proteins involved in pathogenesis of various dis-
eases suggests new potential targets for therapy. This cre-
ates possibilities for development of many addressed or
targeted preparations aimed to a certain types of target
cells, and, as an ideal, to a particular compartment within
these cells. Such addressed delivery of drugs is able not
only to attach specificity to a drug, but also to significant-
ly increase its efficiency due to its delivery into the cellular
compartment where its activity will be maximal.

Considering pathways of the distribution of pharma-
ceuticals in the body, available drugs can be roughly divid-
ed into two large groups. The first group usually includes
low molecular weight substances that are passively distrib-
uted throughout organs, tissues, cells, and intracellular
space due to diffusion and convection processes. Drugs of
this group are effective on sufficient saturation of the
organism until the drug concentration in the action site
(usually within a cell) becomes sufficient for influence on
a certain biochemical or regulatory process. The second
group usually includes high molecular weight substances
or substances carrying a charge that prevents their pene-
tration across membranes, and they are unable to passive-
ly diffuse into cells but can act, in particular, through
interaction with some receptor on the surface of target
cells. This interaction activates or, by contrast, inhibits
certain biochemical and regulatory reactions either direct-
ly or through a ligand to the chosen receptor in the most
complicated delivery system after the internalization and
release of an active low molecular weight component.

Both these approaches have no direct influence on
many regulatory processes occurring inside the cell due to
interactions between macromolecules. Drugs of these two
groups are usually poorly specific in their influences on
such interactions. Low molecular weight compounds
rather easily penetrating across membranes do not always
have sufficient specificity for affecting such interactions.
Moreover, as differentiated from inhibition of enzymes
when there is competition with natural ligands for binding
in the active site or in a protein pocket, protein—protein
interactions are realized on rather large areas of the pro-
tein molecule surface (1000-3000 A2), and the interacting
surfaces are often rather flat and lack pronounced pockets
available for inserting a low molecular weight compound
[5, 6]. On the other hand, the activation or inhibition of
receptors on the cell surface, even highly specific as they
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are, leads to changes in the regulation of not one regulato-
ry process but of a whole network of processes.

However, many diseases are caused just by disorders
in interactions between intracellular macromolecules.
Studies intended to create a system for delivery of macro-
molecules capable of getting into the cell and influencing
a pathological interaction (or an insufficient normal
interaction) between regulatory macromolecules are very
important for treatment of many diseases. This approach
opens a possibility to effectively influence different dis-
eases caused by disorders in the regulation of a definite
type of cells, including malignant tumors, and to deliver
cytotoxic agents based on differences of the transformed
cells in both their surface receptors available for macro-
molecules and intracellular traffic or regulation.

Pharmaceuticals for which targeted delivery is
required include various functional molecules: nucleic
acids (DNA, siRNA, miRNA, shRNA, antisense-
oligonucleotides) used for gene therapy, proteins and
small peptides interacting with intracellular targets, “small
molecules” (photosensitizers, low molecular weight
inhibitors of different intracellular processes), isotopes
emitting short-range particles, etc. These compounds are
very different in structure and properties and are charac-
terized by the necessity of being delivered into a specific
intracellular compartment. Moreover, for the majority of
them passive transport into the cell is insufficiently effec-
tive or is associated with high toxicity for non-targeted
cells. Such pharmaceuticals can be divided into two
groups [7]. The first group includes molecules that act in a
strictly defined intracellular compartment and are unable
to penetrate into it as they are or can only penetrate with
low efficiency (e.g. gene therapeutic preparations). The
other group includes drugs that are most efficient in a par-
ticular compartment, e.g. photosensitizers (PSs) and
radionuclides emitting short-range particles.

Genetic information for therapeutic purpose can be
delivered using either viruses or different synthetic con-
structions. Despite of some advantages, first of all high
efficiency of transfection, viral vectors have some short-
comings such as a high immunogenicity and associated
toxicity, a possible reversion to the wild type due to
recombination or mutations, a low capacity for genetic
material to be transferred, and the virus having its own
cell specificity. Some viruses (retroviruses) used as vectors
can incorporate into DNA of the host’s cell, which can
lead to generation of tumors because of activation of
oncogenes. These shortcomings make the clinical use of
viral vectors rather dangerous, which was confirmed by
the death of a patient upon using the adenoviral vector
[8], the development of leukemia during retroviral gene
therapy [9], and autoimmune reaction induced by an
adeno-associated viral vector [10].

Synthetic delivery systems, such as nucleic acid
complexes with cationic lipids (lipoplexes), nucleic acid
complexes with cationic polymers (polyplexes), and more
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complicated systems based on them, are used as alterna-
tives to viral vectors [11]. Compared to viral vectors, non-
viral delivery systems of genetic material are usually char-
acterized by the necessity to deliver a greater amount of
DNA to induce a comparable effect and by a short time of
exogenous DNA expression. However, lipoplexes and
polyplexes have low immunogenicity and low toxicity, are
not limited in the amount of transported DNA, and their
production is easier and less expensive than the produc-
tion of viral vectors.

Photosensitizers are molecules that under exposure
to a specific wavelength of light generate reactive oxygen
species (ROS) capable of damaging DNA, cell mem-
branes, and macromolecules. Depending on their nature,
PSs penetrate into different cellular structures where they
can display photodynamic action [12]. To increase the
sensitivity of PSs to target cells (usually cancer cells), PSs
are joined to different molecules specifically interacting
with the target cells. But ROS generated on illumination
of PSs can overcome distances not more than several tens
of nanometers, and this creates a non-optimal distribution
of PSs within the cell, whereas the most sensitive target for
a PS is the cell nucleus [12] and PSs injected in the free
state virtually do not arrive at the nucleus. Thus, the effi-
ciency of PSs can be significantly increased by delivering
them into nuclei of target cells concurrently with decrease
in their side effects due to lowering of the doses [13].

Radionuclides with short-range particles used as
therapeutic agents include emitters of o-particles and
emitters of Auger electrons. The cell nucleus is the most
radiosensitive cellular structure because of increased
probability of crossing of the nucleus by the degradation
track of the particles that leads to damage to DNA.
Moreover, recoil nuclei produced during a-decay has lin-
ear energy transfer about 10-fold higher than a-particles
themselves and can act over short distances (<100 nm);
for using this cytotoxic mechanism, a radioisotope emit-
ting o-particles has to be immediately close to the cell
nucleus or better within it [14]. Auger electron emitters
are known to be inefficient outside the cell nucleus [15]
and have high cytotoxicity in close vicinity of nuclear
DNA due to generation of double-stranded virtually
irreparable DNA breaks [16]. Because the emitted Auger
electrons are short-range (some tens of nanometers),
their cytotoxic effects are manifested only within the site
of decay. This feature makes them potentially highly spe-
cific anticancer agents in the case of delivery of these iso-
topes into the target cell nuclei.

PATHWAYS OF PENETRATION
INTO CELLULAR COMPARTMENTS

A pharmaceutical agent unable to penetrate across
membranes can occur inside the cell nonspecifically
through pinocytosis or due to joining to specially devel-
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oped transporters capable either of penetrating directly
across the plasma membrane or of using natural mecha-
nisms of endocytosis and phagocytosis allowing them to
specifically enter the cell. Uptake through pinocytosis
cannot provide accumulation of injected drugs in con-
centrations higher than in the external medium, as well as
their effective penetration into the hyaloplasm. To pro-
vide for direct penetration across the cell membrane,
constructions have been proposed that contain cell pene-
tration peptides (CPP). However, in addition to the not
very effective direct penetration into the hyaloplasm, such
constructs concurrently undergo pronounced nonspecific
endocytosis accompanied by subsequent more or less
effective penetration across endosome membranes [17].
This approach is nonspecific by definition and the effect
can be obtained only on saturation of the whole body by
the delivering construct that contains the acting agent.
Therefore, it seems attractive to use active transport into
the desired cells using internalized surface receptors and
intracellular traffic. In turn, this makes it necessary to
include into the delivering construct (transporter) a com-
ponent capable of recognizing the desired cell, i.e. a mod-
ule with features of an internalized ligand. The trans-
porter taken up by endocytosis, depending on the recep-
tor and endocytosis types, can either be returned back
onto the cell surface due to natural recirculation or occur
in late endosomes and then in lysosomes. Moreover,
transporter with the acting agent can be targeted into the
endoplasmic reticulum or the Golgi apparatus through
sorting and vesicular transport. To do this, in the general
case an additional component (module) with the corre-
sponding function is required. This is not associated with
transfer across the membrane, and the substance to be
delivered topologically remains on the same side of the
plasma membrane as the extracellular space. For trans-
porting into other cellular compartments (hyaloplasm,
nucleus, mitochondria), transfer is needed across an ordi-
nary (release from endosomes or endoplasmic reticulum)
or double membrane (entering the nucleus through a
nuclear pore complex [18] and entering into the internal
space of mitochondria using translocational complexes
TOM and TIM23 [19]). For transport into these com-
partments from the outside, not only an additional com-
ponent with corresponding function is needed, but for
effective penetration into the hyaloplasm corresponding
modules are also required. Therefore, simple inclusion of
the nuclear localization signal into the transporter con-
taining the internalized ligand will not be sufficient for
efficient traffic into the cell nucleus.

USE OF RECEPTOR-MEDIATED ENDOCYTOSIS:
SOME PROBLEMS ARE SOLVED
BUT OTHERS APPEAR

Therapeutic molecules considered in the present
review (PSs, emitters of Auger electrons, emitters of o.-
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particles, nucleic acids, proteins, other macromolecules,
and nanoparticles) preferentially act in certain cellular
compartments and need to be delivered to their intracel-
lular targets. In the cell the target can be localized differ-
ently for different therapeutic agents, e.g. the nucleus for
DNA, lysosomes for lysosomal enzymes, mitochondria
for proapoptotic enzymes. A necessary step of delivery
into the corresponding cellular compartment is the
required penetration into the cell. The majority of drugs
used in clinical practice can penetrate by themselves
across the cell membrane due to passive diffusion [20] or
using membrane transporters. However, a significant
number of drugs proposed for use as targeted ones cannot
penetrate across the cell membrane as they are because of
their size or charge, or they can penetrate only with low
efficiency. As a result, the targeted delivery of such drugs
has to include not only the recognizing of target cells, but
also penetration into them, usually by receptor-mediated
endocytosis or, less frequently, due to inclusion into the
transporter of membrane-active peptides capable of pro-
ducing pores in the cell membrane.

The idea of using internalized receptors for delivery
of drugs into target cells is already several decades old.
Active studies were started in the 1980s when studies on
tumor cell biology revealed the existence of various recep-
tors overexpressed on tumor cells but in an ideal case
absent or represented more poorly on the surface of nor-
mal cells. Receptors overexpressed on the target cell sur-
face are markers that can be recognized using receptor-
specific ligands, antibodies, or aptamers [21]. If the
receptors not only are abundant on the target cells but
also are internalized in them, these molecules can be used
for delivery of drugs not only to the surface of the target
cells but also into these cells through receptor-mediated
endocytosis [22]. Receptor-mediated endocytosis can
also be used for treatment of other diseases, because the
expression of many receptors significantly varies in differ-
ent normal cells of the organism. Ligands most frequent-
ly used for development of targeted drug delivery (mainly
into cancer cells) are exemplified by ligands to transferrin
receptors [23] for delivery of doxorubicin [24], hydroxy-
camptothecin [25], and oxaliplatin [26]; epidermal
growth factor for delivery of cisplatin [27], indium-111
[28], PSs [29], iodine-125 [30], and astatine-211 [31];
folate for delivery of doxorubicin [32], paclitaxel [33],
vinblastin derivative [34], and siRNA [35]; vascular
endothelium growth factor for docetaxel delivery [36];
first type melanocortin receptor for PS delivery [29, 37],
and therapeutic genes [38]; somatostatin for delivery of
a-emitter bismuth-213 [39], paclitaxel [40], combreta-
statin and doxorubicin [41], hydroxycamptothecin [42],
and irinotecan [43]; a,f;-integrin for delivery of doxoru-
bicin [44], PS HPPH [44], siRNA [45], and therapeutic
genes [46].

The use of receptor-mediated endocytosis for deliv-
ery into the cell can markedly improve the effect of many
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therapeutic agents: more sensitive intracellular targets
become available for PSs and emitters of particles with
high linear energy transfer and the probability increases of
reaching the targeted compartment for low molecular
weight particles delivered within liposomes or nanoparti-
cles. Nevertheless, the intracellular distribution after
endocytosis remains not optimal even for those drugs,
which act in the hyaloplasm, nucleus, and mitochondria.
Moreover, natural pathways bring the substances deliv-
ered by endocytosis into the recirculatory endocytotic
compartment from where many of them are eliminated
from the cell. Another usual pathway of endocytosis
brings into lysosomes the contents which undergo the
action of hydrolytic enzymes. To abandon the “routine
pathways” of endocytosis, the delivering construct has to
include additional components with corresponding fea-
tures.

NECESSITY TO LEAVE THE ENDOCYTOSIS
PATHWAY: WHY AND HOW?

As mentioned above, the transporter molecules upon
penetration into the cell due to various endocytosis or
phagocytosis actions appear in endosomes. One of the
major pathways of molecular trafficking results in acidifi-
cation of the contents of early endosomes due to activities
of membrane ATPase proton pumps (the pH value
decreases from 6.0-6.5 to 5.0), and they become late
endosomes and finally fuse with lysosomes (pH < 5).
There are some drugs that are delivered just into lyso-
somes [47]. In particular, these are lysosomal enzymes,
which are to be delivered into lysosomes on insufficiency
of these enzymes in some diseases [48]. They can be
delivered using liposomes with lysosome-tropic octade-
cyl-rhodamine B on their surface [49].

It is also known that the release of lysosomal
enzymes results in apoptosis of the cell [47]. Therefore,
approaches for treatment of different types of cancer are
often developed that include targeted delivery into the
cancer cell lysosomes of different substances affecting the
integrity of the lysosomal membranes [50]. Such sub-
stances can be detergents (e.g. sphingosine), lysosome-
tropic toxins, PSs, and also substances that can be accu-
mulated in lysosomes and affect their integrity at concen-
trations above a critical value [47]. For this purpose vari-
ous chemotherapeuticals can also be used; thus, the
delivery of ceramide into lysosomes by transferrin-modi-
fied liposomes noticeably increased apoptosis of cancer
cells both in vitro and in vivo [51]. Moreover, to keep
radioisotopes within cancer cells, they are often delivered
into endosomes/lysosomes where they can be retained by
joining to a charged group [52].

However, for targeted delivery of drugs into hyalo-
plasm, nucleus, or mitochondria, the transporter for this
delivery has to be capable of leaving endosomes before
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getting into the lysosomes to prevent the degradation of
the transported drug under the influence of lysosomal
hydrolases (proteases, lipases, phosphatases, glycosidas-
es, and sulfatases). The system of compartments inter-
connected through the transport of vesicles (endosomes,
lysosomes, endoplasmic reticulum, Golgi apparatus)
where the transporter is delivered due to endocytosis has
a natural retrograde pathway into the hyaloplasm, the so-
called ERAD (endoplasmic reticulum-associated degra-
dation) [53], and this pathway is normally used for uti-
lization of proteins with damaged structure. Some toxins,
such as the pertussis, cholera, and Shiga toxin [54], and
also ricin [55], upon getting into endosomes can be at
least partially transported along the retrograde pathway
across the sorting endosomes into the Golgi apparatus
and further into the endoplasmic reticulum, which allows
these molecules to be released into the hyaloplasm. It is
thought that for movement along the retrograde pathway
molecules are bound with particular receptor proteins on
the cell surface [54]. Thus, Shiga toxin can use GPP130
or Gb3 as a receptor [54, 56]. Shiga toxin and similar tox-
ins consist of one A-subunit and five B-subunits [54]. The
B-subunit is responsible for the traffic along the retro-
grade pathway, and in the Shiga toxin case the B-subunit
binds with the Gb3 receptor [54, 57]. It should be noted
that the Gb3 receptors are overexpressed on some type
cancer cells and also on dendritic cells, and this is a rea-
son for attempts to use transporters of drugs containing
the toxin B-subunit for therapy of cancer and infectious
diseases [57]. In particular, the toxin B-subunit was sup-
plemented with such cytotoxic compounds as the topo-
isomerase I inhibitor SN38 for therapy of colorectal car-
cinoma [58], a proapoptotic ligand of the peripheral ben-
zodiazepine receptor RO5-4864 [59], and such PSs as a
porphyrin derivative TPP(p-O-B-GluOH); [60] and
chlorin ¢, [61]. Because Gb3 receptors are overexpressed
on antigen-presenting dendritic cells, conjugates of can-
cer and viral antigens with the Shiga toxin B-subunit can
be included into vaccines against different tumors and
infectious diseases [62, 63]. However, the retrograde
pathway is now seldom used for development of targeted
drug delivery because its functions seem to be closely
associated with unfolding of proteins and subsequent uti-
lization by proteasomes, and this markedly narrows the
number of transporters and transported substances.

It is not surprising that attempts to use the medium
acidification occurring during endocytosis are more fre-
quent for delivery of endocytosed substances into the
hyaloplasm. For the viral delivery of genes the transport
mechanisms of viruses are used, which allow them to
transfer their contents into the hyaloplasm [64, 65].
Adenoviruses, which are the most efficient transporters of
genetic material into cells, can leave endosomes due to
changes in the conformation of the capsid components
under the influence of acidification of the endosomal
medium [66]. This ability of adenoviruses to induce pH-
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dependent destruction of the lipid bilayer was repeatedly
successfully tested for delivery into the desired cellular
compartment of toxins [67] or plasmids brought into cells
due to receptor-mediated endocytosis [68].

Artificial systems of delivery into the hyaloplasm,
nucleus, or mitochondria also have to contain compo-
nents capable of transporting a pharmaceutical agent
across a membrane, in particular, agents affecting the
membrane integrity. Consider this mechanism for trans-
porters using the lysosomal pathway for the diphteria
toxin translocation domain [69]. This mechanism based
on the pH-sensitive change in the conformation of a pro-
tein allows it to acquire affinity for membranes, incorpo-
rate into them, and affect their integrity, e.g. by formation
of channels. The incorporation mechanism is known to
include a number of intermediate steps [69]. The diph-
theria toxin translocation T-domain consists of nine o-
helices, eight of which completely surround the most
hydrophobic a-helix (THS8). At pH > 7.5 the T-domain is
in the W-state, which lacks the affinity for membranes.
Changes in the T-domain conformation are caused by
protonation of histidine amino acid residues, among
which His257 is the key one. This protonation on
decrease in pH results in the transition of the T-domain
into the W*-state when hydrophobic a-helix begins to
contact with water and the T-domain acquires affinity for
membranes. Transition to the W'-state does not occur at
pH > 7.5 due to the fact that His223, which is more easi-
ly protonated than His257, causes a shift in pK, of His257
by 1.5 units to the more acidic region, while being in the
protonated state [70]. In the W*-state the protein rapidly
binds to the lipid bilayer surface producing the mem-
brane-bound I-state. Further decrease in pH can be
accompanied by incorporation into the lipid bilayer of o.-
helical hairpin TH8-9 and production of the I*-state.
This incorporation is promoted by the presence in the
lipid bilayer of negatively charged lipids. Then, depending
on pH and transmembrane potential, a number of trans-
membrane (TM) states can be generated that are respon-
sible for translocation of the diphtheria toxin catalytic
domain. The structure of these states is not known in
detail, but it seems that channels can be produced in the
lipid membrane [71, 72]. The C-terminal histidine
residues 322, 323, and 372 are crucial for production of
the open channel state [73].

The diphtheria toxin T-domain is responsible for
traffic across the endosomal membrane of the N-terminal
catalytic domain, which in the cytosol is detached from
the T-domain by a special site [74]. Not all delivery tools
that include the diphtheria toxin T-domain can leave
endosomes using this mechanism. However, this mecha-
nism of translocation domain functioning seems to be not
the only one, because the limiting size of molecules capa-
ble of penetrating across the pores produced by diphtheria
toxin depends on its concentration [75], and the diphthe-
ria toxin can form oligomers on the membrane at
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decreased pH [76]. Moreover, polypeptide-transporting
constructs (modular nanotransporters (MNT)) with the
T-domain on the N-terminus of the molecule could suc-
cessfully leave endosomes [29, 77-79] and ensure the
delivery of the majority of the endocytosed molecules into
the nucleus [30]. A decrease in pH from 7.5 to 5.5 caused
in 5-15 min in these nanotransporters formation of circu-
lar structures with average diameter of43.1 = 1.2 nm in the
initially free of defects lecithin bilayer on mica [77-79].
Every structure consisted of 11 = 2 molecules of MNT
[29]. As judged by a large increase in the conductivity
recorded in experiments with bilayer lipid membranes,
these structures were pores in the membrane [78]. After
40-60 min, at pH 5.5 in lipid bilayers on mica fluctuating
pores began to appear with diameter of 50-200 nm and
depth corresponding to the lipid bilayer thickness [29, 77-
79]. Such pores were produced in both neutral and nega-
tively charged lipid bilayers [78]. If similar defects were
produced in endosomes, their size was quite sufficient to
allow MNT molecules not bound with the lipid membrane
to leave the endosomes for the cytosol. The exit of MNT
molecules from endosomes is confirmed by experimental
determination of pH of the local microenvironment of
MNT molecules endocytosed by Cloudmann melanoma
S91 cells in culture. As was shown by image ratio video
intensification microscopy, a part of MNT molecules
lacking the T-domain occurred in an acidic environment
specific for late endosomes and lysosomes. In contrast,
MNT molecules containing the T-domain were not found
in the late endosomes and lysosomes [37, 80].

Not all membrane effects observed for these MNT
can be ascribed to the T-domain. Thus, although the sep-
arate T-domain could aggregate in the lipid bilayer or on
its surface, it did not induce the generation of similar cir-
cular structures [79]. In contrast, the T-domain-deprived
MNT could produce circular structures at pH 5.5.
Moreover, at pH 5.5 large fluctuating pores were not
detected for either MNT deprived of the T-domain or the
separate T-domain. The observed effects seemed to be
due to a combined action of the T-domain and another
membrane-active MNT domain, the hemoglobin-like
protein of E. coli (HMP), acting in MNT as a carrier
module [79]. It is reasonable to take into account such
combined action of different domains when drug trans-
porters are being developed.

To deliver different transporters into the cytosol, cell
penetration peptides (CPP) are often included into them
[81]. Active studies on these peptides began after type I
human immunodeficiency virus transcription transacti-
vator (TAT) fragments were found to penetrate into cells
[82]. Usually CPP are short peptide molecules (10-30
amino acids) positively charged in neutral medium [83].
Such CPP also include transportan, penetratin, and
oligoarginines. Rather frequently these peptides are
amphiphilic. CPP are widely used for delivery into the
cell of nucleic acids, proteins, fluorophores, and various
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drugs [81]. It seems that these peptides in high concen-
trations can directly penetrate across plasma membranes
both separately and as components of small transporters;
however, the major pathway for their penetration into the
cell is endocytosis, and the efficiency of the CPP-con-
taining transporter release from endosomes into the
cytosol is low [81]. The mechanism of the CPP release
from the endosomes is not known in detail. It is supposed
to be associated with an uneven distribution of negatively
charged lipid inside and outside the endosomes, with
apparently higher contents in the external monolayer
[84]. Electrostatic interactions between positively
charged CPP and these lipids can lead to destabilization
of the bilayer and production of defects in it. At the stage
of late endosomes, the negative surface charge of the
external lipid monolayer of the endosomes significantly
increases. Therefore, it is not surprising that many CPP
including the TAT-peptide leave for the cytosol during
the stage of late endosomes [81]. If the transporter carries
proteins, this can cause their partial degradation and loss
of functional activity because of action of hydrolases. To
increase the efficiency of releasing the CPP-containing
transporters from the endosomes, delivery systems were
created containing several copies of CPP. This multiva-
lence allowed the local concentration of CPP to be signif-
icantly increased and more effectively destabilize the
bilayer due to improved interaction with lipids. The mul-
tivalent CPP can leave the endosomes significantly better
than usual CPP [81, 85]. Thus, fluorescently labeled
TAT-peptide trimer leaves endosomes at concentrations
5-10 times lower than the TAT-peptide monomer or
dimer [81, 85]. However, too many copies of CPP can
cause an inverse effect because of strong summary inter-
action of these peptides with the endosomes [81]. A dis-
advantage of this approach also is increased immuno-
genicity of multivalent CPP in vivo.

The pH-dependent exit from endosomes can be also
obtained by using amphiphilic negatively charged pep-
tides [86, 87]. Similarly to the above-described diphtheria
toxin T-domain, these peptides become membrane active
with a decrease in pH. These peptides contain residues of
both hydrophobic and glutamic and aspartic amino acids,
which are protonated at low pH values that increases the
hydrophobicity of the molecule and leads to its ordered,
most frequently o-helical, conformation and interaction
with the lipid bilayer [81]. Such peptides are exemplified
by the HA2-peptide (the fusion peptide from the influen-
za virus hemagglutinin) [88] and the GALA-peptide [87].
The combined use of such peptides and CPP within the
same transporter can significantly increase the efficiency
of the transporter getting into the cytosol [81]. Thus, the
HA2-peptide combined with the tumor suppressor pro-
tein p53 containing the polyarginine sequence RI11
(HA2—p53—R11) suppressed the growth of tumor cells
more effectively than the p5S3—R11 conjugate separately
[89]. However, these anionic peptides can be anchored in
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the endosomal membrane; therefore, to ensure the effec-
tive exit of the transporter from the endosomes the anion-
ic peptide seems to need to be joined to the transporter
with a bond hydrolyzed in the cytosol, e.g. with a disulfide
bond [81].

The exit from endosomes of transporters including
CPP-containing ones can be obtained by incorporation
into them of a PS and by illumination with the corre-
sponding wavelength [90, 91]. The illumination of a PS
results in generation of ROS, which oxidize lipids and can
lead to production of defects in lipid membranes.
Because ROS are short-range, it is necessary to place PSs
immediately close to the endosomal membrane that can
be realized due to the interaction of CPP with the lipid
bilayer. The destruction of endosomes mediated by ROS
often leads to cell death. Moreover, using this approach in
vivo is principally limited by the light penetration depth
into the organism’s tissue [81].

To allow some transporters to leave endosomes, for
these transporters it is not obligatory to contain a separate
membrane-active module. It was supposed for some non-
viral systems of DNA delivery that protonated polymers
[92] commonly used as a modular carrier and packager of
DNA could induce swelling and osmotic lysis of endo-
somes according to the “proton sponge” theory. This
mechanism was proposed for explanation of the exit of
some polymers such as polyethyleneimine (PEI) and
polyamidoamine (PAA). These polymers are character-
ized by the presence in their structure of numerous sec-
ondary and tertiary amino groups with pK, values of 5-7.
On entering endosomes, these polymers can create a
buffer effect that increases the activity of H*-ATPase and,
consequently, a greater accumulation of protons in the
endosomes. And this, in turn, due to activities of H*/CI™-
exchangers, results in accumulation in the endosomes of
chlorine ions (from 40 to 115 mM) [93]. A sharp increase
in the osmotic pressure leads to increase in the volume
(by 140%) and to lysis of the endosomes, and the authors
of this hypothesis believe that it allows transporters con-
taining PEI or PAA to release into the hyaloplasm.
However, there are some data that contradict the “proton
sponge” hypothesis or cannot be explained by it [94-98].
It should be added that both PEI and PAA as well as other
similar cationic polymers are able to directly destabilize
the endosomal membrane [99, 100]. It is difficult to eval-
uate the contribution of this mechanism to trafficking
from endosomes because such intracellular membrane
compartments as endosomes, endoplasmic reticulum,
and Golgi apparatus represent a dynamic system possess-
ing constant incoming and outgoing flows of lipids real-
ized by transport vesicles. The shape of endosomes is
often far from spherical [101] that also has to prevent their
rupture. Although PEI and some other protonated poly-
cations are significantly more effective than the majority
of other polymers used for the same purpose, the efficien-
cy of their leaving the endosomal pathway is insufficient
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as shown by an increase in transfection on addition into
polyplexes of the diphtheria toxin translocation domain
specifically affecting the membrane structure in a weakly
acidic medium [102, 103].

Some lipid nanoparticles containing cationic lipids
also can release their contents from endosomes into the
hyaloplasm. The presence of positively charged phospho-
lipids in the structure of such particles as lipoplexes
induce an electrostatic interaction with negatively
charged phospholipids accompanied by the flip-flop tran-
sition into the internal monolayer of the endosomal
membrane, and this results in membrane destabilization
and release of contents from the endosomes [104]. The
release of nucleic acids from endosomes can also be
increased by inclusion into the structure of lipoplexes of
dioleoyl phosphatidylethanolamine (DOPE) due to the
pH-dependent phase transition of this lipid with produc-
tion of a hexagonal phase that leads to destabilization of
the endosomal membrane during its interaction with
lipoplexes [105].

Thus, by now a real arsenal of tools has been devel-
oped to ensure the trafficking of drugs across membranes
into the target cell hyaloplasm, and these tools can be
used as a component of multifunctional transporting con-
structs.

CHANGE IN PATHWAYS
LEADING INTO THE NUCLEUS

To obtain the maximal effect of the majority of anti-
cancer cytotoxic agents, it is insufficient only to deliver
them into the cancer cells because one of the most sensi-
tive cellular compartments is the nucleus [106]. Thus, the
cell nucleus is the most sensitive to the damaging action
of ROS (the origin of cytotoxicity of PSs [107-110]),
emitters of a.-particles [111], and especially of emitters of
Auger electrons, which are virtually ineffective beyond
the cell nucleus [112]. But neither of the above-listed
antitumor agents has an ability to preferentially accumu-
late in the cell nucleus.

Moreover, many widely used in clinical practice
anticancer drugs of the so-called “first line therapy”, i.e.
those which are used first of all in the treatment of the
corresponding disease, act directly on DNA or on DNA-
associated enzymes [113]. Thus, cisplatin, camptothecin,
doxorubicin, and actinomycin D [114] are to be delivered
into the nucleus to obtain their maximal efficiency, espe-
cially in resistant cases when these preparations are
actively pumped out from the cell cytoplasm [113].
Finally, DNA used for gene therapy displays its effect only
upon getting into the target cell nucleus. In this case, the
delivery of DNA into the nucleus using transport systems
is especially important for non-dividing or slowly dividing
cells in which the nuclear membrane is not disassembled
at all or is rarely disassembled during mitosis.
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Thus, targeted delivery into the nucleus is extremely
desirable and often simply necessary for all these different
pharmaceuticals.

The successful release from endosomes (see the pre-
vious chapter) into the cytoplasm is the necessary but not
sufficient condition for the subsequent entry into the cell
nucleus of a delivered therapeutic agent. To understand
and successfully use mechanisms of accumulation in the
nucleus of the preparation under delivery, it is necessary
to take into account the organization of traffic of mole-
cules in the cytoplasm (especially the active traffic from
the cytoplasm into the cell nucleus). The cell cytoplasm is
an organized structure consisting of the cytoskeleton and
organelles and subdivided into separate regions [115,
116], which creates some obstacles for free diffusion of
macromolecules [117, 118]. Therefore, the targeted traf-
ficking of endogenous proteins and organelles in the cell
is active and is realized along a kind of cytoskeleton
“rails” — microtubules (preferentially) and actin fila-
ments [117, 119, 120]. These components of the
cytoskeleton are involved in both “anchoring” in the
cytoplasm of proteins imported into the nucleus [121,
122] and their active delivery to the nucleus [123-127].
The targeted intracellular traffic along the system of
microtubules is realized under the influence of special
motor proteins, which transfer macromolecules towards
the nucleus (dynein) or outward from the nucleus
(kinesin) [120]. Thus, the next step in therapeutic agent
under delivery on its pathway toward the nucleus upon its
successful leaving the endosomes can be an interaction
with the retrograde transport system along microtubules
(dynein/microtubules) for its arrival close to the nuclear
pore complex (see below) [118, 128]. Based on this, some
authors use sequences for interaction with the light chain
of dynein [129] or even the light chain itself [128] to
ensure the more effective delivery of the acting agent (e.g.
DNA) into the nucleus. Thus, the use of a modular con-
struction consisting of the light chain of dynein Rp3, the
N-terminal DNA-binding domain, and the C-terminal
membrane-active TAT-peptide for delivery of DNA
allowed researchers to obtain a rather effective and lowly
toxic nonviral vector for transfection [128].

The double nuclear envelope containing pores is the
major barrier for transporting macromolecules from the
cytosol into the cell nucleus. It is thought that only small
molecules (with molecular weight lower than 40 kDa and
size not more than 9 nm), e.g. nucleotides, ions, and
water can pass across the nuclear membrane complex due
to passive diffusion [130]. Macromolecules with weight
more than 45 kDa are transported into and out of the
nucleus under the influence of special transport proteins,
transportins (importins and exportins) [131] that “recog-
nize” specific signals in the structure of transported
macromolecules — nuclear localization signals (NLS)
and nuclear export signals (NES) [131-135]. By now
many different NLS are characterized. Proteins contain-
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ing the best-studied “classic” NLS (the large T-antigen of
SV-40 virus, nucleoplasmin) are delivered into the nucle-
us as a component of a complex with a heterodimer pro-
duced by importins o and 3 [136]. Six classes of “classic”
NLSs are described: five classes of one-part and one class
of two-part NLSs [137] consisting, respectively, of one or
two clusters of basic amino acids (separated by a spacer of
10-12 amino acids) [132]. In addition to “classic”
sequences of the nuclear import, there are numerous
“noncanonical” NLSs recognized only by importin-f3
and its homologs [134], dimers of importin-B with its
homologs [138], or a dimer of importin-f3 with another
adaptor transportin, snurportin-1 [134]. Because only a
few NLSs have been characterized, many different meth-
ods have been developed for searching for and predicting
potential NLSs in a given sequence [129, 135, 139, 140].

Nucleocytoplasmic transport is regulated through
different mechanisms that play central roles in such cru-
cial cellular processes as differentiation and oncogenesis
[133]. Changes in nucleocytoplasmic transport often
occur in cancer cells. In particular, an increased expres-
sion of various transportins has been observed in trans-
formed cells (SV40 virus, human papilloma virus type 16)
and in culture of cancer cells and also in the tumor mate-
rial taken from patients (carcinomas of urinary bladder,
esophagus, uterus neck, ovaries, large intestine, liver,
pancreas, and osteosarcoma [141, 142]). Moreover, an
increased transport into and from the nucleus of a fluo-
rescent protein with NLS/NES combination was shown
in transformed cells as compared to their normal analogs
[141].

From proteins with different behavior in cancer and
normal cells, those proteins attract special interest that
are accumulated in the nuclei of cancer cells. Such fea-
tures are displayed by the human a-lactalbumin deriva-
tive HAMLET [143-145] and the protein of chicken ane-
mia apoptin [133, 146-148].

HAMLET is a complex of a-lactalbumin and oleic
acid [143]. HAMLET can be accumulated in the cyto-
plasm and rapidly translocated into the cancer cell nuclei
(75% within 1 h) [149], wherease in normal cells it is
detected only in the cytoplasm and in significantly lower
amounts [144]. But the mechanisms of its release from
endosomes and entry into the nucleus are still unclear.
The protein itself has diverse proapoptotic features: it dis-
turbs the potential on mitochondrial membranes, induces
the release of cytochrome ¢ from mitochondria, affects
the activity of proteasomes, and in the nucleus binds with
high affinity to chromatin and causes its condensation
[145].

Apoptin is a small protein consisting of 121 amino
acids of the chicken anemia virus; it is capable of selective
accumulation in nuclei of cancer and transformed cells
and without accumulation in normal cells [146, 150].
Although there are many works concerning, in particular,
mechanisms of selective accumulation of apoptin in can-
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cer cell nuclei [151-153], up to now there is no clear idea
about this mechanism. Some hypotheses have been pro-
posed mainly based on the tumor-specific inhibition of
NES within the apoptin molecule along with retention of
the NLS functions in the sequence of this protein [147].

To realize targeted delivery of an agent into a target
cell nucleus, into constructions (nanoparticles, polymers,
micelles, proteins, peptides, antibodies) transporting the
drug itself different NLS are often included [154-156].
And for this the best-studied “classic” NLS are used pref-
erentially. Table 1 lists NLSs used for the targeted delivery
of cytotoxic agents and DNA into cellular nuclei.

Thus, the introduction of a sequence of the virus
SV40 large T-antigen into constructs for delivery of ther-
apeutic agents (DNA, PSs, radionuclides, doxorubicin)
resulted in their significant accumulation in the target cell
nuclei and an increase in their efficiency [29-31, 37, 77,
107, 154, 156-160].

Considering that such agents as emitters of Auger
electrons are virtually ineffective outside of the cell nucle-
us, some researchers use internalized antibodies or pep-
tides conjugated with NLS for targeted delivery of emit-
ters of Auger electrons (e.g. '''In, ®"Tc, '*’1, “’Ga) into
cancer cell nuclei [29, 156, 160-162]. As mentioned, to
interact with the system of nuclear import localized in the
cytoplasm, NLS-containing macromolecules are
absorbed by the cells through receptor-mediated endocy-
tosis and have to leave the endosomes into the cytoplasm.
To realize this, modular nanotransporters (MNT) were
developed, i.e. transporting constructs that included
modules responsible for different functions: receptor-
mediated endocytosis, release from endosomes, and
delivery into the nucleus [80, 106]. Such constructs
ensure rapid accumulation of the delivered radionuclide
in the target cell nuclei (up to 60% of the radionuclide

ROSENKRANZ et al.

internalized upon 1 h of incubation) [30]. The attach-
ment to the transporting construct of one to four similar
NLSs provides the delivery into the nuclei of no more
than 25-30% of the internalized radioactivity [156, 161].
The attachment of a greater amount of NLS can increase
the delivery into the nucleus up to 2/3 of the internalized
radioactivity [161]. It is unclear what is responsible for
the increase in accumulation in the nucleus: it seems that
the joining of such amount of positively charged
sequences begins to influence the penetration of the
delivering construct across the endosomal membranes.

CHANGE IN PATHWAYS INTO OTHER
INTRACELLULAR COMPARTMENTS

In addition to the nucleus, mitochondria represent a
compartment available for the delivered drug only
through the hyaloplasm. Numerous approaches have
been proposed for delivery into mitochondria.
Macromolecules are proposed to be delivered using mito-
chondrial targeting sequences, which are usually N-ter-
minal fragments of proteins synthesized in the nucleus
but functioning in mitochondria [163]. Lipophilic cation-
ic peptides capable of transporting small negatively
charged or zwitterionic molecules are promising for
delivery into mitochondria [164]. Among other peptide
sequences, the proapoptotic peptide D-(KLAKLAK),
destroying the mitochondrial membrane and short syn-
thetic Szeto-Schiller peptides (SS-peptides) are accumu-
lated in mitochondria [165]. Nucleic acids can be deliv-
ered into mitochondria through a voltage-dependent
anion channel (VDAC) as has been shown for mRNA
[166], or in the case of tRNA through TIM/TOM trans-
porters upon binding with the pre-mitochondrial lysyl-

Table 1. Examples of nuclear localization signals used for targeted delivery of cytotoxic agents and DNA into nuclei of

target cells

Used NLS (major motif responsible for import into nucleus) Agent being delivered Examples
Sequence of virus SV40 large T-antigen (PKKKRKY) PSs [29, 37,77, 107, 157]
DNA [158, 159]

NLS of ribonucleoprotein Al (hnRNP) (M9)
(FGNYNNQSSNFGPMKGGNFGGRSSGPY)

Protein VirD2 from Agrobacterium tumefaciens
(KRPRXXXXXXXXXRKRXR)

Sequence of the human immunodeficiency virus TAT-protein
(GRKKRRQRRRPPQC)

Protamine

[30, 156, 160]
[31]

emitters of Auger electrons
emitters of a-particles

doxorubicin [154]
DNA [155]
DNA [188]
DNA [128, 189]
emitters of Auger electrons [190, 191]
DNA [192]
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tRNA synthetase [167]. Moreover, delocalized lipophilic
cations, sulfonyl urea derivatives, dicationic derivatives of
quinoline, and liposomal MITO-porter able to fuse with
the mitochondrial membrane are also considered as tools
for delivery into mitochondria [47, 165, 168].

If Iysosomes are the targeted compartment, delivery
can be realized using different kinds of endocytosis [47,
168]. The mannose-6-phosphate pathway is specific for
delivery from the cell surface into lysosomes [169]. The
delivery into the endoplasmic reticulum from lysosomes
is realized using transport vesicles. A number of peptide
sequences are known that are signals for delivery into this
compartment [170].

ACHIEVEMENTS, UNSOLVED PROBLEMS,
AND FUTURE PROSPECTS

The analysis of available data shows that incorpora-
tion into the transporting construct of components with
different functions, or in other words a modular principle
of designing the system for delivery of a pharmaceutical
agent into a target compartment using a set of modules
providing successive use of different mechanisms of intra-
cellular traffic to reach an intracellular target (e.g. the
nucleus) seems to be promising for targeted drug delivery
(figure).

By now a great number of various systems for delivery
of different drugs into a desired compartment of the target
cell have been developed and tested under in vitro and in
vivo (for some drugs) conditions. Thus, transfection effi-
ciency in gene therapy can be significantly increased pro-
viding an effective (but desirably selective) accumulation in
the target cells of the DNA complex with the transporting
vector [171] and also active traffic of the complex to the
nucleus [128]. Thus, the incorporation into polyplexes of a
peptide responsible for specific binding with internalized
melanocortin I type receptors, which are frequently hyper-
expressed on melanoma cells, significantly increased the
efficiency of suicidal therapy of the melanoma under the
influence of polyplexes carrying the gene of thymidine
kinase from the human Herpes simplex virus [38]. Using a
modular protein consisting of the light chain of dynein
Rp3, N-terminal DNA-binding domain, and C-terminal
membrane-active TAT-peptide for delivery of DNA into
the perinuclear space of the cell due to the active transport
through the system of microtubules resulted in highly effi-
cient transfection, only slightly weaker than Lipofectamine
(Table 2), but with significantly lower toxicity of the new
system of delivery [128]. The targeted delivery of doxoru-
bicin, which is a widely used antitumor agent, into the
nuclei of mammary gland cancer cells using NLS-modi-
fied nanoparticles made its efficiency an order of magni-
tude higher than that of free doxorubicin [172].

The efficiency significantly increases on targeted
delivery of PSs into the nuclei of cancer cells, which are
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the most sensitive compartment to the action of ROS
mediating effects of photodynamic therapy. Even a simple
joining of a NLS to a PS [173, 174] increases its efficien-
cy several-fold compared to the free PS. However, in the
majority of cases [173, 174] the delivered PS can be
detected in lysosomes and the endoplasmic reticulum but
not in the nucleus, which most likely is associated with
the inability of the systems under considration to effec-
tively leave the endosomes and lysosomes for the cyto-
plasm and with insufficient sensitivity of the detection
methods. In this connection it seems reasonable that the
targeted delivery of PSs by modular nanotransporters
containing in addition to NLS (and also the ligand mod-
ule) an endosomolytic module significantly increased
(hundreds- and thousands-fold) the cytotoxic effect of
the delivered agent, and the trasporters were detected in
the cancer cell nuclei in vitro and in vivo [13, 29, 31]. And
the targeted delivery of PSs by modular nanotransporters
into the nuclei of cancer cells caused a significant thera-
peutic effect in vivo (up to 75% survival by the end of the
observation period) (Table 2) [29].

Targeted intracellular delivery of such promising
agents for endoradiotherapy as emitters of Auger elec-
trons, which as a rule are highly effective only within the
cell nucleus because of an extremely short run of these
particles, also seems promising.

In the overwhelming majority of cases the penetra-
tion into the cell alone is insufficient for effective work of
such radionuclides; therefore, some groups of researchers
have successfully used antibodies or peptides conjugated
with NLS for targeted delivery of Auger electrons (!!'In,
9mTe) into the nuclei of cancer cells. Thus, the growth
rate of HER-2+ tumors MDA-MB-361 in mice was
slowed by more than 60 days compared to the control
groups, and lifespan was significantly increased (Table 2)
on the delivery of '''In by NLS-conjugated trastuzumab,
an antibody to HER-2 frequently overexpressed in mam-
mary gland carcinoma [175]. The tumor growth in the
animals was 19-fold slower than in the control groups
when '!'In was delivered using the peptide F3 bound to
nucleolin, the nuclear protein expressed on the surface of
various cancer cells (Table 2) [176].

As differentiated from NLS-conjugated antibodies
or peptides, MNT contain an additional endosomolytic
module for release from the endosomes into the hyalo-
plasm, which includes a system mediating nuclear import
and are also promising for targeted delivery of emitters of
Auger electrons (’Ga and '®I). The cytotoxic effect of
such emitters of Auger electrons as “’Ga and 'l on
MNT-mediated delivery was increased two and three
orders of magnitude, respectively [30, 160]. Such encour-
aging in vitro results allow us to hope that systems of
delivery of Auger electrons have significant therapeutic
potential [160].

Systems containing compounds able to directly bind
with DNA can also be used for delivery of emitters of
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Table 2. Examples of targeted intracellular delivery of therapeutic agents
Constructs for targeted Agent being Results Reference
intracellular delivery delivered
Modular protein consisting of the DNA 400-fold increase in transfection efficiency as com- [128]
light chain of dynein Rp3, the N-ter- pared to protamine; the construction is 13-fold less
minal DNA-binding domain, and the effective than Lipofectamine 2000 but is less toxic
C-terminal membrane-active TAT-
peptide
Poly-(d,I-lactide-co-glycolyde) doxorubicin 7.7- and 3.4-fold increase in the cytotoxic effect [172]
nanoparticles modified by NLS (mammary gland cancer cells MCF-7) relative to free
doxorubicin and doxorubicin delivered by NLS-free
nanoparticles, respectively
Nuclisomes — anti-HER-2 immuno- iodine-125 70% survival of animals with HER-2+ transplanted [177]
liposomes stabilized with polyethyl- tumors on using 2 MBg/mouse
ene glycol and loaded with DNA-
intercalating anthracycline com-
pound labeled with iodine-125
Trastuzumab (anti-HER?2 antibody) indium-111 growth rate decrease of HER-2+ tumors MDA-MB- [175]
conjugated with NLS 361 in mice by more than 60 days as compared to
the control groups including those treated with
MTn-NLS-IgG and '""'In-trastuzumab; significant
increase in lifespan (140 days) in the group treated with
"MTn-NLS-trastuzumab (against 96 and 84 days in
control groups treated with trastuzumab and saline,
respectively)
Peptide F3 modified by a chelating indium-111 19-fold decrease in tumor growth in animals treated [176]
agent (DTPA) that binds with the with '""In-DTPA-F3 as compared with both untreated
nuclear protein nucleolin that in and DTPA-F3-treated control groups
some cancer cells is expressed also on
the surface
Epidermal growth factor (EGF) indium-111 significant increase in cytotoxic effect of !!'In delivered [193]
linked through a labile S—S-bond by the construct after pre-irradiation inducing genera-
with NLS conjugated with anti- tion of yH2AX foci; increase in accumulation of '''In-
yH2AX and the chelator DTPA DTPA-anti-yH2AX-NLS-SS-EGF in tumors MDA-
MBA-468 from 2.6 to 6.3% of the injected dose per g
tissue after inducing external irradiation
Recombinant modular nanotrans- PS 2.7-fold increase in average lifespan of mice with trans- | [7, 29, 194]
porter containing o.-melanocyte- bacterio- planted melanoma
stimulating hormone (o.-MSH), chlorin p
diphtheria toxin translocation domain
(DTox), NLS, and bacterial hemo-
globin-like protein of E. coli (HMP)
Recombinant modular nanotrans- PS chlorin e 75% survival of animals with human epidermoid carci- [7, 30]
porter containing EGF, DTox, NLS, noma A431 as compared to 20 and 0% survival of mice
and HMP treated with free chlorin and untreated, respectively

Auger electrons to the most sensitive intracellular target.
Thus, using nuclisomes (anti-HER-2 immunoliposomes
stabilized under the influence of polyethylene glycol and
loaded with a DNA-intercalating anthracycline com-
pound supplemented with '°I) resulted in 70% survival of
animals with HER-2+ grafted tumors (Table 2) [177].
The encouraging results obtained in creating systems
of targeted delivery of drugs into a desired compartment
of a target cell (Table 2) allow us to think that such con-
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structs are promising as potential tools in clinical prac-
tice. However, many problems preventing the effective
development of such systems are still unsolved.

One of these problems is the scarcity of knowledge
about numerous biological barriers arising on the pathway
of a drug to be delivered [178, 179] from the place of
introduction to the final target (tumor cells or a definite
compartment in the target cell). Another important prob-
lem is the necessity to take into account all known factors
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influencing the delivery of a drug into the tumor, from the
interactions with blood proteins and lipoproteins [180],
resistance in biological fluids, biodegradability, features of
intratumoral acidity [181, 182], blood and lymph supply
[182], distribution of the interstitial pressure [183, 184],
the ability to induce the immune response, to be phago-
cytized by macrophages and neutrophils — to heterogene-
ity of tumoral cells in the expression of target receptors,
resistance to the delivered drugs, etc. Moreover, because
in many cases a combination of several agents seems more
promising [185-187], it is important to consider possible
interactions of the target delivery system and the agent
delivered with the drugs traditionally used for treatment
of a particular cancer.

The more complete and versatile use of specific fea-
tures (including those determining intracellular traffic)
of a particular type of cells, mainly of cancer cells, seems
hopeful for further increase in the efficiency of targeted
delivery of anticancer drugs. This can be exemplified by
the use of tumor-specific signals of nuclear localization
[147], tumor-specific intracellular targets, the concur-
rent use of several different targets and/or intracellular
delivery pathways in connection with high heterogeneity
of cancer cells, and the combination of such systems
with other approaches for treatment (e.g. immunothera-
py).

Based on technologies under development and data
on functioning of different types of cells of a given
patient, it is possible to create approaches for correcting
pathological processes in the desired organs and tissues of
the given patient (personalized medicine).

This work was supported by the Russian Scientific
Foundation (project No. 14-14-00874).
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