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INTRODUCTION

Many pharmacological agents act intracellularly, need to be
endocytosed, and reach the site of action in specific
organelle to exert their action. The cell’s interior is highly
compartmentalized, and complexity of the cellular endocy-
tosis and trafficking pathways (1,2) leads to suboptimal
magnitude and duration of pharmacological effects at the
organelle of interest, as well as to non-specific effects due to
exposure of additional organelles to the drug. Thus,
attaining efficient and selective pharmacological effects for
intracellularly acting drugs requires development of spe-
cialized drug delivery systems (DDS) that should be
targeted to specific organelle and deliver the drug in a
controlled fashion (3,4).

For this purpose, particle or vesicle (liposome)-based DDS
can be used, and intracellular targeting can be achieved by
decorating the drug or the DDS with organelle-specific
targeting moieties. This approach relies on recognition of
these moieties by the endogenous intracellular trafficking
mechanisms and preferential delivery of the drug or the DDS
into specific organelle (3,4). Feasibility of targeted delivery
of drugs and model compounds into individual organelles
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has been assessed in several studies (summarized in
Table I). However, the quantitative aspects of this
targeting, in terms of targeting efficiency and kinetics of
drug delivery to the specific intracellular organelles, are
not yet clear and should be intensively studied in order to
pave the way to the clinical application of the
intracellularly targeted DDSs. This commentary analyzes
the existing approaches for intracellular drug targeting,
their efficiency and limitations. For an introduction to
intracellular drug delivery, the reader is referred to several
excellent recent reviews (3,5). Delivery of DNA and RNA
molecules 1s not in the scope of this commentary and will
be mentioned only briefly.

TARGETING EFFICIENCY

Efficient intracellular targeting of a drug should lead to
preferential accumulation of the drug in the target
organelle, and not in the other intracellular organelles,
following endocytosis. Assessment of drug amounts that
have reached the individual organelles, i.e. the drug
intracellular distribution, can be done using fluorescence-
based (confocal microscopy) (6) and biochemical (7,8)
approaches. However, both these approaches are limited
to semi-quantitative analysis of drug content in the selected
set of organelles and do not allow detailed analysis of the
drug’s intracellular distribution and mass balance calcula-
tions. Therefore, studies on intracellular drug targeting
usually report relative drug accumulation in the target
organelle, but not in other organelles. In some studies,
intracellular drug concentrations are not quantified, and the
extent of drug accumulation in the target organelle is
deduced from the bioactivity of the organelle-targeted us.
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untargeted formulations. In both cases, efficiency of drug
targeting to a specific organelle (i.e., drug/DDS accumula-
tion in the target organelle in comparison to the other
organelles) cannot be readily estimated.

Preferential drug delivery to target organelles was
claimed in several studies (see Table I). Targeting
moieties that were used for this purpose included 1)
peptide sequences that are recognized by the cytosolic
transport systems of the host cell, such as nuclear
localization signal (NLS), mitochondrial localization sig-
nal, endoplasmic reticulum (ER) signal peptide or ER-
retrieval sequence, etc., and 2) peptide or non-peptide
molecules that preferentially interact with the membrane
of the target organelle, e.g. mitochondriotropic arginine-
rich peptides or positively charged compounds.

Endosomal ‘Escape’ of the Drug/DDS

Both peptide and non-peptide targeting moieties are
active within the cytosol and will not be able to target
the drug or the DDS to the organelle of interest if they
are located inside one of the organelles, such as endo-
some or lysosome. Thus, the first limiting step that affects
the intracellular targeting efficiency is the ability of the
drug or the DDS to reach the cell’s cytosol. If the targeting
signal is conjugated directly to the drug, the resulting
drug-targeting moiety conjugate is usually small and can
efficiently permeate the intracellular membranes and
reach the cytosol following its release from the DDS.
The situation is different for the targeting-moieties-
conjugated particle or vesicle-based DDSs. ‘Escape’ of
these DDSs from the endosomes to the cytosol following
endocytosis 1s the major obstacle for their efficient
intracellular targeting. Only a small fraction of the DDS-
containing endosomes spontaneously degrades and
releases its contents to the cytosol, while the majority of
the endocytosed material 1s degraded in the endosomal-
lysosomal compartments and is not able to reach the
cytosol and subsequently traffic to the target organelles.
Destabilization of the endosomal membrane using fuso-
genic liposomes or cell-penetrating peptides can substan-
tially enhance the endosomal escape of the DDS (4,9). It
was estimated that as much as 12% of the endocytosed
material was able to reach the cytosol when administered
in pH-sensitive liposomes (10). Endosomal membrane
destabilization, though, can be toxic to the cells and may
be unsuitable for intracellular delivery of some therapeutic
agents. PLGA nanoparticles are able to escape from the
endo-lysosomes without opening them. The mechanism of
this escape involves direct interaction of the nanoparticles
with the endo-lysosomal membrane due to selective
reversal of the surface charge of PLGA (from anionic to
cationic) under acidic conditions (11,12).

@ Springer

Cytosolic Rates of Mobility, Degradation, and Uptake
by the Target Organelle

Once the drug or the DDS have reached the cytosol, they
can traffic to and accumulate in the organelle of interest.
The second limiting step that affects the intracellular targeting
efficiency is derived from the interplay of the processes
and factors that act on the drug or the DDS in the cytosol,
i.e., stability and mobility of the targeted drug/DDS,
efficiency of recognition of the targeting residues by their
targets, rate of uptake by the target organelle, etc. Our
understanding of the mechanisms and efficiencies of the
forces that act on the drug/DDS in the cytosol is very
limited. It is known that small molecules, such as peptides
and small soluble proteins, are highly mobile in the cytosol
(D=2-3 um®/s) and are able to diffuse through the entire
cell in 57 s (13). This time is short enough and may result
in efficient uptake by the target organelle even for peptide
drugs that are rapidly degraded by cytosolic proteasomes
and proteolytic enzymes (t;,9~7 s) (13). Thus, conjugation
of even a single targeting residue to a peptide-based drug
may be sufficient for its preferential accumulation in the
target organelle following delivery to the cytosol. For
instance, conjugation of the ER signal peptide to the
antigenic peptide (1:1 drug:targeting residue ratio) was
reported to enhance its accumulation in the endoplasmic
reticulum of the target cells following its release from the
nanoparticle or liposome-based DDS (14,15).

Cytosolic mobility of the particle and vesicle-based DDS
1s much lower, and recognition of the targeting residues-
decorated DDS by the cytosolic transport systems can
contribute to their targeted delivery to the organelle of
interest. The number of targeting residues required for this
targeted delivery is not known. For a small protein (e.g.
albumin, ~67 kDa), decoration with 4-5 targeting residues
may be sufficient for preferential trafficking to the target
organclle (10). On the other hand, bigger DDSs, such as
nanoparticles, may require decoration by dozens or
hundreds of targeting residues for preferential trafficking
to the target organelle. For example, enhanced nuclear or
mitochondrial accumulation of quantum dots (average
diameter of 20—40 nm) was obtained following their
conjugation with 48 and 62 targeting residues, respectively
(16). Enhanced nuclear accumulation and toxicity of
doxorubicin-loaded PLGA nanoparticles (average diameter
of 230 nm), however, required conjugation of ~443 nuclear
localization signals per particle (17). Although the targeting
efficiency was not quantified in these studies, it looks
plausible that nanoparticle and vesicle-based DDSs that
are densely decorated by the targeting residues could be
relocated by the cytosolic transport systems to the organelle
of interest. This relocation should proceed rapidly, since
peptide-based targeting sequences that were used in the
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above-mentioned studies (16,17) are rapidly degraded in
the cytosol and lose their efficiency. The limited amount of
the targeting residues that can be chemically conjugated to
a single DDS during its preparation, combined with their
rapid cytosolic degradation, apparently limit the efficiency
of DDS intracellular targeting. Decoration of the DDS with
more metabolically stable non-peptide targeting residues,
therefore, is expected to substantially enhance targeting
efficiency.

It appears that identification of the targeting residues by
cytosolic transport systems may help to bring the
intracellularly targeted DDS in close proximity to the
target organelle and may contribute to the DDS uptake
into the target organelle, although the mechanism of this
uptake is not clear. DDS should not necessarily permeate
into the target organelle, and drug release from the DDS in
close proximity to the organelle of interest may also result
in preferential drug accumulation in this organelle.

KINETICS OF INTRACELLULARLY TARGETED
DELIVERY

In addition to increasing the ¢fficiency of drug delivery to the
target organelle, intracellularly targeted DDS may allow
control over kinetics of drug release and the time-course of the
resulting pharmacological activity. Specifically, nanoparticle-
based DDSs can be designed to release the drug in a
prolonged fashion (up to several days or weeks) at higher or
lower rates by changing their composition and preparation
protocol. Vesicle-based DDSs are also suitable for prolonged
drug delivery to the target organelle, but allow less tight
control over kinetics of drug release. It is not clear whether
kinetics of intracellular delivery affect the efficiency of
cytotoxic or pro-apoptotic drugs. However, it is anticipated
that controlled kinetics of drug release and of pharmacolog-
ical activity can be crucial for the therapeutic success of
certain treatments, such as correction of ‘metabolic’ cellular
defects in mitochondrial diseases, lysosomal storage diseases,
ER protein-misfolding, etc.

Efficiency of the anti-cancer vaccination with antigenic
peptides is also highly dependent on the kinetics of their
delivery to the antigen-presenting cells (APCs). For efficient
vaccination, antigenic peptides should be delivered to the
APC and reach the intracellular organelles where the
antigen cross-presentation process takes place (predomi-
nantly the ER and endosomal compartments). Prolonged
cross-presentation of the antigen by the APCis is critical for
efficient vaccination and activation of cytotoxic T lympho-
cytes (C'TLs) directed against the tumor cells (18,19). For
instance, prolonged delivery of an ER-targeted antigenic
peptide using liposomal DDSs resulted in prolonged cross-
presentation of the antigen by the APCs (more than 140 h),

more efficient activation of the C'TLs, and enhanced  vivo
anti-tumor effects (14). The authors suggested that this
prolonged cross-presentation resulted from efficient target-
ing of the antigen into the ER and its long-term retention in
the ER compartment, which has much less proteolytic
activity as compared to the cytosol (14). The same group
reported enhanced @ vitro CTL activation using
nanoparticle-based DDS loaded with ER-targeted antigenic
peptide (15). It should be noted, though, that very
prolonged delivery of the antigenic peptide may induce
tolerance to this antigenic peptide on behalf of the host’s
immune system and diminish the anti-cancer response
following vaccination. To avoid tolerance development,
DDSs for anti-cancer vaccination should be designed to
gradually release the antigenic peptide over the desired
time period (several days) and may incorporate additional
immunostimulatory cargo (e.g., activators of the innate
immune system) (20).

SUMMARY

Intracellularly targeted drug delivery is a promising new
approach for enhancing and controlling the drug pharma-
cological activities. It appears that conjugation of specific
targeting residues can affect the intracellular fate of the
drug/DDS and result in its preferential accumulation
within an organelle of interest. In most cases, cytosolic
permeation of the drug/DDS is a pre-requisite for its
targeting to the organelle of interest. After arrival to the
cytosol, the targeting efficiency of the drug/DDS to the
target organelle is apparently affected by the relative
kinetics of three major processes, namely drug/DDS
cytosolic mobility, degradation rate of the drug/DDS in
the cytosol, and rate of drug/DDS uptake by the target
organclle. The choice of drug, targeting residues, and
formulation type will determine which of these processes
will be rate-limiting for the overall targeting efficiency.
Currently applied intracellular-targeting delivery
approaches have limited efficiency. To develop clinically
applicable DDSs, studies that quantitatively assess the
mechanisms, barriers, and efficiency of intracellular drug
delivery are needed. Mathematical modeling approaches
will be of great importance to determine the barriers and
limiting factors in intracellular drug delivery. For this
purpose, mathematical models of the intracellular drug
trafficking mechanisms (i.e., intracellular pharmacokinetics)
and the relationship between the drug concentrations in the
individual organelles and the pharmacological effects (i.e.,
intracellular pharmacokinetic-pharmacodynamic models)
should be developed. Several such models have been
proposed, e.g., for the description of receptor-mediated
endocytosis and trafficking (21) and for lysosomal delivery of
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pharmacological agents (22). Mechanisms of intracellular
gene delivery were studied more extensively and were
quantified more thoroughly, as compared to small-molecule
pharmacological agents, apparently due to somewhat easier
quantification of DNA molecules. Subsequently, several
mathematical models have been suggested to describe the
mechanisms of DNA intracellular traffic and efficiency of
nuclear delivery and of the resulting gene expression
(23,24).

It is expected that intracellularly targeted drug delivery
approaches will be the focus of intensive research during
the next decade and that efficient and controlled delivery of
the drug to specific organelles will be attained using
specialized DDSs. For successful clinical application of
these DDSs, two levels of targeting are required: targeted
uptake by the cells of the specific organ/tissue at the first
stage, followed by intracellular targeting within these cells.
Most probably, future DDSs will be composed of multiple
layers with individual layers responsible for efficient target-
ing at the whole body and on the cellular levels (25).

REFERENCES

1. Burgdorf S, Kautz A, Bohnert V, Knolle PA, Kurts C. Distinct
pathways of antigen uptake and intracellular routing in CD4 and
CD8 T cell activation. Science. 2007;316:612—-6.

2. Miaczynska M, Stenmark H. Mechanisms and functions of
endocytosis. J Cell Biol. 2008;180:7-11.

3. Torchilin VP. Recent approaches to intracellular delivery of drugs
and DNA and organelle targeting. Annu Rev Biomed Eng. 2006.

4. Breunig M, Bauer S, Goepferich A. Polymers and nanoparticles:
intelligent tools for intracellular targeting? Eur J Pharm Bio-
pharm. 2008;68:112-28.

5. Prokop A, Davidson JM. Nanovehicular intracellular delivery
systems. J Pharm Sci. 2008;97:3518-90.

6. Akita H, Ito R, Khalil TA, Futaki S, Harashima H. Quantitative
three-dimensional analysis of the intracellular trafficking of plasmid
DNA transfected by a nonviral gene delivery system using confocal
laser scanning microscopy. Mol Ther. 2004;9:443-51.

7. Seib FP, Jones AT, Duncan R. Establishment of subcellular
fractionation techniques to monitor the intracellular fate of
polymer therapeutics I. Differential centrifugation fractionation
B16F10 cells and use to study the intracellular fate of HPMA
copolymer—doxorubicin. J Drug Target. 2006;14:375-90.

8. Cartiera MS, Johnson KM, Rajendran V, Caplan M], Saltzman
WM. The uptake and intracellular fate of PLGA nanoparticles in
epithelial cells. Biomaterials. 2009;30:2790-8.

9. El-Sayed A, Futaki S, Harashima H. Delivery of macromolecules
using arginine-rich cell-penetrating peptides: ways to overcome
endosomal entrapment. AAPS J. 2009;11:13-22.

10. Tachibana R, Harashima H, Shono M, Azumano M, Niwa M,
Futaki S, et al. Intracellular regulation of macromolecules using
pH-sensitive liposomes and nuclear localization signal: qualitative
and quantitative evaluation of intracellular trafficking. Biochem
Biophys Res Commun. 1998;251:538-44.

11. Panyam J, Zhou WZ, Prabha S, Sahoo SK, Labhasetwar V.
Rapid endo-lysosomal escape of poly(DL-lactide-co-glycolide)
nanoparticles: implications for drug and gene delivery. FASEB J.
2002;16:1217-26.

@ Springer

14.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

. Shen H, Ackerman AL, Cody V, Giodini A, Hinson ER,

Cresswell P, et al. Enhanced and prolonged cross-presentation
following endosomal escape of exogenous antigens encapsulated
in biodegradable nanoparticles. Immunology. 2006;117:78-88.

. Reits E, Griekspoor A, Neijssen J, Groothuis T, Jalink K, van

Veelen P, et al. Peptide diffusion, protection, and degradation in
nuclear and cytoplasmic compartments before antigen presenta-
tion by MHC class I. Immunity. 2003;18:97-108.

Hayashi A, Wakita H, Yoshikawa T, Nakanishi T, Tsutsumi Y,
Mayumi T, et al. A strategy for efficient cross-presentation of
CTL-cpitope peptides leading to enhanced induction of n vivo
tumor immunity. J Control Release. 2007;117:11-9.

. Matsuo K, Yoshikawa T, Oda A, Akagi T', Akashi M, Mukai Y,

et al. Efficient generation of antigen-specific cellular immunity by
vaccination with poly(gamma-glutamic acid) nanoparticles entrap-
ping endoplasmic reticulum-targeted peptides. Biochem Biophys
Res Commun. 2007;362:1069—72.

. Hoshino A, Fujioka K, Oku T, Nakamura S, Suga M, Yamaguchi

Y, et al. Quantum dots targeted to the assigned organelle in living
cells. Microbiol Immunol. 2004;48:985-94.

. Misra R, Sahoo SK. Intracellular trafficking of nuclear localiza-

tion signal conjugated nanoparticles for cancer therapy. Eur J
Pharm Sci. 2010;39:152-63.

. Audran R, Peter K, Dannull J, Men Y, Scandella E, Groettrup

M, et al. Encapsulation of peptides in biodegradable microspheres
prolongs their MHC class-I presentation by dendritic cells and
macrophages n vitro. Vaccine. 2003;21:1250-5.

. Waeckerle-Men Y, Allmen EU, Gander B, Scandella E, Schlosser

E, Schmidtke G, et al. Encapsulation of proteins and peptides into
biodegradable poly(D, L-lactide-co-glycolide) microspheres pro-
longs and enhances antigen presentation by human dendritic cells.
Vaccine. 2006;24:1847-57.

Hamdy S, Molavi O, Ma Z, Haddadi A, Alshamsan A, Gobt Z,
et al. Co-delivery of cancer-associated antigen and Toll-like receptor
4 ligand in PLGA nanoparticles induces potent CD8+ T cell-
mediated anti-tumor immunity. Vaccine. 2008;26:5046-57.
Krippendorft' BF, Kuester K, Kloft C, Huisinga W. Nonlinear
pharmacokinetics of therapeutic proteins resulting from receptor
mediated endocytosis. J Pharmacokinet Pharmacodyn.
2009;36:239-60.

Trapp S, Rosania GR, Horobin RW, Kornhuber J. Quantitative
modeling of selective lysosomal targeting for drug design. Eur
Biophys J. 2008;37:1317-28.

Moriguchi R, Kogure K, Iwasa A, Akita H, Harashima H. Non-
linear pharmacodynamics in a non-viral gene delivery system:
positive non-linear relationship between dose and transfection
efficiency. J Control Release. 2006;110:605-9.

Parra-Guillen ZP, Gonzalez-Aseguinolaza G, Berraondo P,
Troconiz IF. Gene therapy: a pharmacokinetic/pharmacodynam-
ic modelling overview. Pharm Res, in press. 2010.

Wagstaft KM, Jans DA. Nuclear drug delivery to target tumour
cells. Eur J Pharmacol. 2009;625:174-80.

de la Fuente JM, Berry CC. Tat peptide as an efficient molecule
to translocate gold nanoparticles into the cell nucleus. Bioconjug
Chem. 2005;16:1176-80.

Kang B, Mackey MA, El-Sayed MA. Nuclear targeting of gold
nanoparticles in cancer cells induces DNA damage, causing
cytokinesis arrest and apoptosis. ] Am Chem Soc. 2010;132:1517-9.
Boddapati SV, D’Souza GG, Erdogan S, Torchilin VP, Weissig
V. Organelle-targeted nanocarriers: specific delivery of liposomal
ceramide to mitochondria enhances its cytotoxicity i vitro and
wn vivo. Nano Lett. 2008;8:2559-63.

Yamada Y, Akita H, Kamiya H, Kogure K, Yamamoto T,
Shinohara Y, et al. MITO-Porter: a liposome-based carrier system
for delivery of macromolecules into mitochondria via membrane
fusion. Biochim Biophys Acta. 2008;1778:423-32.



	Quantitative Aspects of Intracellularly-Targeted Drug Delivery
	INTRODUCTION
	TARGETING EFFICIENCY
	Endosomal ‘Escape’ of the Drug/DDS
	Cytosolic Rates of Mobility, Degradation, and Uptake by the Target Organelle

	KINETICS OF INTRACELLULARLY TARGETED DELIVERY
	SUMMARY
	REFERENCES


