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Abstract: A large number of proteins are successfully used to treat various diseases. These include
natural polypeptide hormones, their synthetic analogues, antibodies, antibody mimetics, enzymes,
and other drugs based on them. Many of them are demanded in clinical settings and commercially
successful, mainly for cancer treatment. The targets for most of the aforementioned drugs are located
at the cell surface. Meanwhile, the vast majority of therapeutic targets, which are usually regulatory
macromolecules, are located inside the cell. Traditional low molecular weight drugs freely penetrate
all cells, causing side effects in non-target cells. In addition, it is often difficult to elaborate a small
molecule that can specifically affect protein interactions. Modern technologies make it possible
to obtain proteins capable of interacting with almost any target. However, proteins, like other
macromolecules, cannot, as a rule, freely penetrate into the desired cellular compartment. Recent
studies allow us to design multifunctional proteins that solve these problems. This review considers
the scope of application of such artificial constructs for the targeted delivery of both protein-based
and traditional low molecular weight drugs, the obstacles met on the way of their transport to the
specified intracellular compartment of the target cells after their systemic bloodstream administration,
and the means to overcome those difficulties.

Keywords: targeted drug delivery; proteins; subcellular transport; cancer; protein engineering;

multifunctional proteins

1. Introduction

The effect of the vast majority of drugs is ultimately realized inside the cell due to their
interaction with biomacromolecules. All drugs that have an effect on intracellular processes
can be roughly divided into four main groups (Figure 1). Traditional low molecular weight
medications, most of which are subject to the rules formulated more than 20 years ago by
Lipinski et al. [1], can be attributed to the first group (Figure 1A). These substances are
capable of nonspecific diffusion through the plasma membrane and exert their effect on the
metabolic and regulatory processes within cells. Therefore, the distribution of such drugs
is generally independent of the cell type. For various drugs and a number of disorders, the
lack of cell specificity is not crucial; however, for the treatment of many diseases, it creates
fundamental problems. These include, first of all, oncological diseases, in the treatment of
which highly toxic antitumor drugs are used.

Many drug delivery vehicles that facilitate penetration into cells, regardless of the
cell type, are in fact close to this group. Such delivery systems include, for example,
cell-penetrating peptides (CPP) [2], bacteria-based delivery systems [3], cell-penetrating
poly(disulfide)s [4], mesoporous silica nanoparticles [5,6], micelles [7], and many others.

Low molecular weight substances recognized by special transmembrane transporters
can be considered the second group of drugs for intracellular targets (Figure 1B). More
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than 400 such special transmembrane transporters are known up to now. These transmem-
brane transporters are necessary for cells to deliver substances that cannot freely diffuse
through the membranes [8]. The variety of molecules that can be delivered into cells in this
way is relatively small. This is due to the need to comply with certain requirements speci-
fied by the properties of the specific transporter. However, the development of drugs using
such pathways into the cell is of great interest for the treatment of cancer, since intensively
dividing malignant cells often exhibit increased expression of the transporters [9-11].
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Figure 1. Pathways to intracellular drug targets. (A) Diffusion of small non-charged molecules.
(B) Transport of drugs via transmembrane transporters. (C) Receptor-mediated signal transduction.
(D) Receptor-mediated drug transport into specified cell compartments.

The third group of drugs exert their effect on the regulation of intracellular processes
through cell surface receptors and pathways for further signal transduction (Figure 1C) [12].
Examples of such drugs are hormones and cytokines and their analogues, as well as
mADbs [13] that bind to the surface cell surface receptors or ligands of those receptors [14].

Recently, more and more drug developments have begun to appear, allowing thera-
peutics to exert their effect inside the specific compartment of the specific cell type [15-19].
Such drugs can be attributed to the fourth group, which differ in their method of pene-
tration into cells and their effects on intracellular processes from those mentioned above
(Figure 1D). For example, they can combine both a means of delivery to the desired part of
the target cell and a cargo drug. Many of these therapeutics are based on the synthesis of
nanoparticles decorated with various functional components, including various ligands
for internalized surface receptors (e.g., proteins, carbohydrates, and low molecular weight
substances), CPPs, fragments of bacterial toxins for delivery to the cytosol, nuclear local-
ization signals (NLS) for delivery to the nucleus, and polypeptide sequences for transport
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into cell organelles. Being rather large constructs, nanoparticles cannot freely penetrate
into cells and so are forced to use either natural ways of transport of macromolecules
in living systems or additional steps to disrupt membrane integrity. The latter itself is
toxic to cells, leading to additional side effects. Frequently, peptides/polypeptides or their
artificial analogues are used to either functionalize new kinds of nanoparticles [20] or
to develop self-assembling nanoparticles [21]. Moreover, polypeptides themselves may
possess the necessary medicinal and/or transport properties. Therefore, another direction
to obtain effective and cell-type-specific constructs for drug delivery is the development of
recombinant proteins. In addition, most intracellular regulatory pathways are regulated
via protein—protein interactions, and a polypeptide seems the most appropriate candidate
to interfere in this process [22]. Proteins in the right place can themselves serve as effective
therapeutic agents. This can be achieved by delivering the necessary protein into the
right cell. To date, considerable experience has already been accumulated in identifying
amino acid sequences that are domains of proteins involved in intracellular regulatory
and transport pathways. Therefore, an attractive feature of the protein-based approach is
its ability not only to deliver convenient low-molecular drugs into the most appropriate
cell compartment but also to incorporate an active principle directly into the developed
construct. In the future, this may lead to the precise regulation of a pathologically altered
process adapted for a particular patient. There are many obstacles to the implementation
of such a direction, concerning both the existing barriers to the delivery of a suitable drug
to the right place of the right cell and the lack of knowledge. Nevertheless, it is already
possible to try to evaluate the necessary properties of such structures and the conditions
that would allow them to be obtained. This direction is all the more important since
75-80% of protein targets are intracellular proteins that lack obvious sites for the action
of small-sized drugs [23]. Alternatively, gene therapy approaches [24] as well as mRNA
delivery [25] are also considered as means to provide the appearance of the right protein in
the right cell. In this case, it is necessary to ensure the effective delivery of DNA or RNA
to the nucleus or cytosol, respectively, of the target cell. The delivery of nucleic acids for
therapeutic purposes is a separate area that is generally outside the scope of this review.

The current field of multifunctional protein-engineered therapeutics intended for
selective drug delivery into a specific compartment of target cells, their prospects, and their
limitations are summarized in this review. These constructs can carry either low molecular
weight drugs or therapeutic amino acid sequences.

Cell and intracellular specificity, as the keys to selective targeting, will be discussed
first. Then, we will shed light on the extracellular and intracellular barriers for therapeutics
to overcome on their way to the intracellular target. This will be followed by a review of
internalizable protein-based delivery systems and their intracellular fate after cell entry.

2. Specificity
2.1. Cell Specificity

To ensure the selectivity of the effect with respect to the cell type, the drug used must
have the ability to recognize them. Optimally, the drug should identify the desired cell from
its outside. This minimizes the side effects of drugs, preventing their action on non-target
cells. Recognition can be achieved by binding to cell surface receptors. It is estimated that
more than 1350 human genes encode surface cell receptors and provide regulation in the
cell in response to external signals [26]. They make up about 40% of all membrane proteins
with known functions [26]. Differences in the expressions and cell surface manifestations
of these receptors determine the possibility of cell-specific action for biologically active
substances that are not capable of entering cells by passive diffusion. These receptors are
actively used to develop drugs that can affect the functioning of cells without penetrating
them. This kind of drug is presented by their natural agonists as well as natural and
synthetic antagonists, including blocking antibodies. Many of these substances enter cells
through various types of receptor-mediated endocytosis after binding to their receptors.
The internalization of active ligand-receptor complexes serves first of all to attenuate the



Pharmaceutics 2023, 15, 987

4 0f 32

signal entering the cell. This process can be also used for selective delivery of an active
principle into cells, with several examples having already reached the clinical stage [27,28].

The greatest attention to the characteristics of the cells differentiating them from other
cell types is paid in the development of anti-cancer drugs [29]. However, the treatment of
malignancies is only one of many areas for which the cell-type-specific effects of drugs are
significant. The rapid development of transcriptomics and proteomics methods has made it
possible to identify differences between the proteomes of individual cell types in the body.
The estimates of proteome specificity for 13,640 proteins of 29 tissues of the human body,
which were performed recently by Wang et al., show the existence of at least 2000 “tissue-
enriched” (defined as at least fivefold above any other tissue) proteins [30]. Although
the proportion of such proteins is small for almost every tissue, their total number opens
up a huge field for the specific impact on tissues. In addition, about 3000 proteins were
classified by the authors as “group enriched” (defined as at least fivefold above any group
of 2-7 tissues). Significantly, of the 486 drug target proteins found, only 34% are expressed
in all tissues. At the same time, about 47% of those proteins belong to the “tissue-enriched”
or “group-enriched” groups. These data emphasize the significance of the heterogeneity
of drugs’ effects due to the uneven expression of targets in tissues. The largest proportion
of tissue-specific proteins is observed among the G-protein coupled receptors (GPCRs),
although the representation of such proteins is low. The uneven expression of surface
cellular receptors across tissues opens up the possibility of tissue-specific drug delivery
into the cell.

The actual differences in the content of proteins in cells are significantly greater, as
each tissue usually consists of several basic cell types. There are many different cell types
in the human body; however, their actual number remains a debatable issue [31]. Currently
available cell databases give a different number of cell types from about 200 to a couple
of thousand [31]. The understanding of the processes actually taking place in the body
at the level of a single cell is rapidly being refined. An analysis of the available single-
cell transcriptomics data conducted in 2021 for cells from 13 human organs, which were
classified based on the gene expression profiles, showed the presence of 192 cell clusters [32].
Notably, less than 22% of the genes possess low specificity for cell type and only 11% of
the genes were found to be expressed in each of the cell clusters. According to these data,
about a quarter of all genes are specific to some cluster or group of clusters [32]. A recent
paper announces “Tabula Sapiens”—a single-cell transcriptomic atlas containing data on
nearly 500,000 cells from 24 different human tissues and organs [33]. The atlas shows the
presence of at least 475 cell types in the human body. It should be noted that cells of the
same origin, for example, macrophages or endothelial cells, differ in the profile of gene
expression depending on the tissue. An additional contribution to the differences between
cell types is made by alternative splicing, which may be cell-type-specific [33]. These data
are of twofold importance in predicting the body’s response to drugs. On the one hand,
this makes it possible to evaluate the distribution of drug targets across tissues and cell
types. On the other hand, this enables us to create drugs or drug delivery systems that
target precisely the cells for which the effect is required.

Moreover, approaches to the study of the spatio-temporal regulation of the proteome
in the cell and its post-translational regulatory modifications are beginning to appear [34].
The principal possibilities of obtaining such information have recently been demonstrated
by the example of changes in protein phosphorylation and changes in their intracellular
localization after the addition of epidermal growth factor [34]. At the same time, more
than 7000 proteins and 11,000 phosphorylation sites were monitored simultaneously in
experiments on the HeLa cell culture. A comparison with a similar experiment conducted
in vivo showed both the presence of a correlation with data on the cell culture and some
differences that are anticipated when studying regulation systems at different levels of
the living [34]. Such approaches, in addition to the already available detailed work on the
study of many regulatory pathways, make it possible to assess how the cell as a whole
reacts to the received stimulus.
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It is noteworthy that information related to aging-dependent changes in gene expres-
sion by different cell types in the body is also beginning to emerge. The data were obtained
for mice ranging in age from one month to old age [35,36]. Similar works on the human
body are still more fragmentary; however, they are certainly important from the point of
view of the peculiarities of treatment in aging [37].

Despite the vast amount of knowledge accumulated on the specificity of protein
expression in the cell, in general, data on differences in the proteome in the body are
currently far from complete. This is especially true for personal individual differences
as well as differences at the level of a single cell. Moreover, as of 2021, the expression of
1421 predicted proteins coded in the human genome has not been detected yet, although this
number is decreasing every year [38]. Nevertheless, progress in single-cell proteomics gives
rise to hope that it will be possible to systematically predict the effect of an intracellularly
delivered drug on a population of cells that express a particular receptor on the cell
surface [39]. New and highly challenging techniques for spatial single-cell proteomics
that are now extensively developed can broaden the horizons of precisely targeted cancer
therapy opportunities [40].

It should be noted that, as in the case of specificity with respect to cell type, a significant
part of the proteins has a predetermined intracellular localization, which can be illustrated
by data from the Human Protein Atlas database (Table 1) [41]. This intracellular specificity
is superimposed on cell specificity, which affects the process of drug delivery to intracellular
targets. According to Human Protein Atlas estimates, the localization of about a quarter
of intracellular proteins is confined to only one organelle, while only 7% of proteins are
present in three or more different intracellular locations. It should also be taken into
account that, during translation, almost all proteins appear either in the cytosol or in the
rough endoplasmic reticulum (ER). It is noteworthy that the amount and localization of a
significant part of the proteins is cell-cycle-dependent.

Table 1. Estimation of the intracellular distribution of proteins, which are specific for a particular cell
type, according to the single-cell RNA-seq data for genes with evidence at the protein level from the
Human Protein Atlas (https://www.proteinatlas.org/, accessed on 16 March 2023).

Compartment All Cell Type Enriched * Group Enriched ** Low Cell Type Specificity
Plasma membrane 1999 152 286 258
Cytosol *** 5550 330 576 1203
Nucleus **** 7285 385 725 1926
Mitochondria 1109 46 100 263
Endoplasmic reticulum 527 43 51 145
Golgi apparatus 1134 87 139 218

*—at least fourfold higher expression levels in one cell type as compared with any other analyzed cell type;
**—genes with enriched expression in a small number of cell types (2-10); ***—including the cytoskeleton and the
centrosome; ***—including the nucleoplasm, the nuclear membrane, the nucleoli, the nuclear bodies, the nuclear
speckles, and the nucleoli fibrillar center.

2.2. Subcellular Specificity

As a substantial proportion of drugs act or are at least more effective on specific intra-
cellular targets, the recognition of the desired cell type should in many cases be followed by
the subsequent intracellular transport of the delivered therapeutics to a target subcellular
compartment [42]. Numerous therapeutics (which can either demand tissue/cell specific
targeting or not) requiring organelle-level specificity are now being widely developed and
extensively studied. These strategies are supposed to be promising modalities for the treat-
ment of a broad spectrum of diseases, including first of all metabolic, neurodegenerative,
and neuromuscular diseases, and cancer [43]. Almost any organelle present in cells can
serve as a target for this or that therapeutics.
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The nucleus represents one of the most obvious and widely studied subcellular targets
for a number of drug classes. Gene therapy setting, where either genetic material or a
gene editing system should be delivered to the nucleus, can be regarded as a canonical
example of nuclear-targeted therapeutics. The other examples include but are not limited
to photosensitizers [44,45], radionuclides [46,47], chemotherapeutics [48], and thermal
ablating agents [49].

Being the cell’s “power station” and programmed cell death master regulator as well
as a key player in many other vital processes such as cell differentiation and division,
mitochondria represent an attractive target for various, especially anticancer, therapeu-
tics. Mitochondria-targeted chemotherapeutics [50], nucleic acids [51], proapoptotic pep-
tides [52], and agents for photodynamic [53], photothermal [54], and sonodynamic [55]
therapy have been already successfully assessed on the in vitro and in vivo levels. The
aforementioned approaches mainly aim at mitochondria-mediated apoptosis induction. In
addition, a few completely different strategies, e.g., mitochondrial function restoration, for
the treatment of neurodegenerative, cardiovascular, metabolic and other diseases linked
with mitochondrial dysregulation are also under extensive development [56].

The restoration of proper functioning is also among the most widely utilized ap-
proaches in lysosomal targeting. This strategy is widely used for the treatment of lysosomal
storage diseases, with a number of therapeutics already used in clinical settings for the
treatment of several enzyme deficiency disorders (Gaucher disease, Fabry disease and
some others) [57]. On the other hand, the lysosomal ability to degrade biologic molecules
is utilized for the selective degradation of the target membrane proteins responsible for
disease, particularly cancer pathogenesis and/or progression [58,59], and even to achieve
efficient antigen presentation [60].

ER stress and the subsequent unfolded protein response supposed to underlie such
pathologies as neurodegeneration, cancer, and diabetes represent an attractive target for
therapeutic modulation [61]. To achieve this, various strategies for ER targeting have
already been or are being developed [62].

Other cell organelles, e.g., Golgi apparatus, plasma membrane, and peroxisomes, are
also used for precise targeting in the development of strategies for treating serious diseases,
such as cancer [63].

A variety of protein- or peptide-based systems aimed at targeted subcellular delivery
are exemplified in Table 2.

Table 2. Protein-based systems for subcellular targeted delivery.

Cargo Targeted Subcellular
Delivery System Clinical Use Refs.
Delivered Recruited Compartment/Complex
More than 10 are
Wide panel of already used in clinical
cytotoxic agents (e.g., settings, e.g.,
Antibody drug methotrexate, Usually lysosome, where the trastuzumab emtansine
. e drug is cleaved from . [28]
conjugates doxorubicin, ; (Kadcyla), inotuzumab
. . the conjugate e
radionuclides, ozogamicin (Besponsa),
calicheamicin) brentuximab vedotin
(Adcetris) and others
Three immunotoxins
. . have been approved for
Catizﬁiaslutzginrgs of clinical use, with one of
. them—IL-3 fused to a
Immunotoxins (pseudomonas Cytosol fragment of diphtheria [27]
exotoxin, !
. . toxin (Tagraxofusp)—
diphtheria toxin) Curlfen?ly used 1pn)
clinical settings
Intracellular proteins
( I: nggﬁ; SZ d of interest (e.g.,
peptic . protein kinases, Proteasome [64]
proteolysis-targeting
< estrogen receptor,
chimaeras)

Tau-protein)
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Table 2. Cont.
Cargo Targeted Subcellular
Delivery System Refs.
Delivered Recruited Compartment/Complex
Extracellular and
LYTACs membrane-
(lysosome-targeting associated proteins of Lysosome [58]
y himaeras) interest (e.g., EGFR, .
¢ aeras PD-L1, transferrin
receptor-1)
AbTACs Cell surface protein
(antibody-based of interest (e.g., Lysosome [65]
targeting chimaeras) PD-L1)
NLS-modified
Auger electron
monoclonal itter (111Tn) Nucleus [66]
antibody-DTPA emtter n
Nucleolin-binding Auger electron
F3-peptide-DTPA emitter (111In) Nucleus (671
Acid-activated
cell-penetrating Chemotherapeutics /,
peptide (CPP) (camptothecin) Nucleus (48]
with NLS
Auger electron
emitters (Hlln, 1251,
MNTs (modular 67Ga), a-emitter Nucleus [68]
nanotransporters) 211z
photosensitizers
Cell-targeting
peptide .
functionalized CPP Pla(srrlglc\lTE;\I A Nucleus [69]
with NLS and p
oligohistidine
CP.P with ER Interleukin-24 ER [70]
retention sequence
Self-assemblin Histone protein H2B,
tid & chemotherapeutics Mitochondria [71,72]
pephices (doxorubicin)
Histone-mediated
transduction pDNA Nucleus [73]
Peptide/pDNA
self-assembling pDNA Mitochondria [69]
complexes

EGFR—epidermal growth factor receptor, PD-L1—programmed death ligand-1, NLS—nuclear localization signal,
ER—endoplasmic reticulum-

3. Extracellular Obstacles to Intracellular Targets during Systemic
Drug Administration

3.1. Extracellular Barriers: Interaction with Blood Proteins and Cells

The increase in the size of drugs or drug nanoformulations compared to small molecules
makes it possible to use more of the embedded necessary functions and also dramatically
expands the range of substances that could be used for treatment. Currently, a huge number
of such drugs are under development, including proteins and polypeptides, polymers,
structures based on nucleic acids, and pharmaceutical carriers carrying many small-sized
drug molecules. Their common feature is their size in the nanometer range, and all of
them face similar problems on the way to their locus in quo. Any drug administered
systemically into the bloodstream must overcome several natural barriers to reach the cell
interior (Figure 2). These barriers matter not only for macromolecules and nanoparticles
but also for many low-molecular substances that, due to the charge, cannot move across
biological membranes without specialized transmembrane channels or transporters for them.
The distribution of macromolecules and, to an even greater extent, nanoparticles in the body
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cannot be considered only in terms of physical diffusion and convection. Their interaction
with blood components, passage through the walls of blood vessels and further penetration
into tissues encounters a complexly regulated system for maintaining the homeostasis of
the body. In this sense, the division of particles into macromolecules and nanoparticles
by size is largely arbitrary. The range of sizes of nanoparticles is most often considered
between 1 and 100 nm [74,75]. The average size of globular proteins usually does not exceed
a dozen nanometers, while elongated proteins such as fibrinogen can have a length of up
to 50 nm or more [76]. In terms of size, proteins and nanoparticles are in close ranges and
follow the same patterns. Everything with a size of less than 5-6 nm (about 60 kDa for
globular proteins) is excreted through the kidneys [77]. The size range of molecules and
nanoparticles that can circulate in the blood for a sufficiently long time also has an upper
limit. A great increase in size leads to an increase in blood clearance due to the action of the
mononuclear phagocyte system (MPS), which serves to protect the body from infection [78].
The larger the particle size, the more efficiently they are absorbed by macrophages. The
efficiency of this uptake depends not only on the size but also on the type of nanoparticles,
their surface charge, their shape, and the properties of their surface. The nanoparticle uptake
by macrophages shows an exponential dependence on their size in the range from 30 to
300 nm [79]. Incorporation of a low molecular weight drug into nanoparticles changes
the drug’s pharmacokinetics, increasing its half-life time in the blood. However, along
with a lifetime increase, this can lead to accumulation in undesired organs, tissues or cell
types. In the case of the insufficient biodegradability of the nanoparticle base, this undesired
accumulation can lead to adverse effects due to the toxicity of the nanoparticles themselves.
From this point of view, the biodegradability of proteins is an advantage if they can reach
their targets and do not cause long-term toxicity.

@ normal cell
. tumor cell

( tumor cell receptor

high dense
extracellular matrix

Ll extracellular matrix

¥ high molecular weight drug

e low molecular weight drug

binding site barrier

Figure 2. Size-dependent extracellular barriers on the way of systemically administered drugs to
intracellular targets. (A)—Whole body level barriers. Drug formulations measuring less than 5-6 nm
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(about 60 kDa for globular proteins) are excreted predominantly via the kidney; larger drug formula-
tions are mostly eliminated via the mononuclear phagocyte system, with the liver and spleen being
among the largest reservoirs. (B)—Some examples of tissue (tumor tissue is presented here) level bar-
riers on the pathway of a high molecular weight (e.g., protein-based) drug following its extravasation.

The interaction with blood proteins is of great importance for the substance injected
into the blood [80]. The most abundant blood protein, albumin, is capable of binding a
number of substances and possesses a long circulation period in the bloodstream with a
half-life of 19 days [81]. This is provided by a special mechanism returning albumin to
the blood from the endosomes using the neonatal Fc receptor (FcRn). This receptor has
an increased affinity for albumin in the slightly acidic environment of the endosomes and
directs it back to the cell surface. A similar mechanism also works to regulate the IgG
levels [82]. Many other blood proteins are designed to remove unwanted foreign molecules
and particles from the bloodstream and neutralize them. The interaction of a number
of proteins with the particle surface leads to their opsonization and uptake by cells of
the MPS [83-85].

3.2. Penetration through the Walls of Blood Vessels and Extracellular Matrix

In addition to the interaction with proteins, the walls of blood vessels, which serve
to separate blood from other organs, are a natural barrier on the way of intravenously
injected substances to other tissues. This barrier becomes especially significant if the drug
should act on deeper lying tissue cells. The physiological upper limit of the pore size for
transvascular flow through the capillary walls of blood capillaries varies for different types
of tissues [86]. This limit is less than 1 nm for capillaries in the central nervous system
and from 5 to 12 nm in most other tissues. Peculiarities of the vessels of the liver, myeloid
bone marrow and spleen allow the extravasation of significantly large particles [86]. Many
tumors are characterized by the defective architecture of the vessels and lymphatic system,
as characterized by leaky vasculature and defective lymphatic drainage. For a number
of therapeutic macromolecules and nanoparticles, this leads to enhanced permeability
and retention (EPR) [87,88], resulting in their tumoritropic accumulation. It is believed
that the EPR effect in some cases can be used to create effective anti-cancer drugs [89].
Nevertheless, the heterogeneity of real human tumors and the presence of barriers other
than vascular permeability on the way to a malignant cell do not allow in most cases reliance
only on EPR when creating new drugs [90,91]. The sufficiently large size of nanoparticles
makes them an object of interest for cells professionally engaged in phagocytosis. In this
case, even nanoparticles that have reached the tumor are absorbed mainly not by the
target cells but by the tumor-associated macrophages. Even the addition of a ligand for
a receptor overexpressed in cancer cells, for example, ERBB2, may not be able to correct
this [92]. In addition, recent estimates show that most nanoparticles seem to penetrate
across the endothelium into tumors, not through the passive EPR effect but rather via active
transport processes [93].

Vascular endothelial cells form a complexly regulated system designed to ensure the
transcytosis of antibodies and other blood proteins, such as albumin [94]. Transcytosis,
which plays an important role in maintaining tissue homeostasis, is mediated by the
caveolae of endothelial cells. For example, albumin, low-density lipoproteins, insulin, and
even glucose are transported in this way [95,96]. In addition, vascular permeability is
regulated by cell-cell adherens junctions that regulate tissue—fluid homeostasis, transport
of nutrients and regulatory proteins, and migration of cells through the vessel epithelial
barrier [97,98]. In the central nervous system, where endothelial cells are characterized
by unusually highly restricted molecular exchange and very tight junctions forming the
blood-brain barrier, the delivery of therapeutics becomes even more challenging. Receptor-
mediated transcytosis relying on binding to specific receptors, e.g., transferrin receptors or
insulin receptors, is supposed to be a prospective approach to overcome this issue [99].
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The extracellular matrix, with a network of fibrillar proteins and negatively charged
proteoglycans, may be another barrier on the way of some macromolecules to target cells
that are not exposed to the bloodstream [100,101]. The extracellular matrix traps both
positively charged and negatively charged macromolecules, so uncharged hydrophilic
molecules have an advantage in overcoming this barrier [101,102]. Cells are connected
to the extracellular matrix by many contacts, and the proteins and other polymers of the
extracellular matrix are produced by cells. In some cases, for example, for the epithe-
lium, the layer of glycoproteins closest to the cell, the glycocalyx, can be considered an
additional barrier for macromolecules interacting with the cell [103]. The high density of
the extracellular matrix, a hallmark of many malignant tumors, additionally restricts the
drug trafficking in solid tumors [104]. The binding site barrier caused by the high-affinity
binding of rather high molecular weight therapeutics (e.g., antibodies) at the immediate site
of their extravasation area can be regarded as another barrier to the deep-tissue penetration
of targeted protein-based therapeutics [105].

4. Intracellular Targets and Barriers on the Way to Them

When the drug finally overcomes the aforementioned barriers on its way to the cell,
further aspects regarding its direct impact on intracellular targets arise. For an accurate
effect on the intracellular target, it is necessary to take into account at least two interrelated
issues: the intracellular location of the target and what else can be changed as a result of the
drug action. Moreover, upon the development of such drugs, one should take into account
their fate after cell entry, including intracellular processing and degradation. A huge
amount of experimental material has been accumulated on the intracellular distribution
of proteins and other macromolecules as well as their effects on intracellular processes.
The systematization of these data and the transfer of high-throughput proteome analysis
methods to the subcellular level have begun to attract close attention [106].

A living cell, like a living organism, is a structured system divided by phospholipid
membranes into compartments. The penetration of macromolecules into the cell is a strictly
regulated process (Figure 3). The simple penetration of macromolecules into the cell in most
cases does not provide interaction with its molecular target, as the simultaneous presence
of their target in the same compartment is required. The plasma membrane is the first of
the cell barriers to intracellular targets. The natural way of penetration of macromolecules
into the cell is receptor-mediated endocytosis [107,108]. This pathway depends on the
type of cell and the receptors expressed on the cell surface. There are quite a few types
of uptake of macromolecules and particles by cells. These include the clathrin-, caveolin-,
and endophilin-mediated types of endocytosis that are dependent on dynamin, as well
as the dynamin-independent ARF6- and Cdc42-mediated and other types of endocytosis,
macropinocytosis and phagocytosis [107,109-112]. The pathways of endocytosis vary
greatly, both in kinetic characteristics and in the size of the vesicles formed. A number
of proteins that are involved in the machinery of vesicular transport from the plasma
membrane can participate in several variants of endocytosis. They form a complementary
network of transport routes adapted to the tasks of a particular type of cell. From the
point of view of reaching intracellular targets, it is important that most of the intracellular
targets remain inaccessible to the drug after its uptake by endocytosis. As a result of all
types of endocytosis, areas of the plasma membrane are closed around receptor complexes
with ligands attached to them. After that, the resulting closed membrane formations
(vesicles or larger phagosomes) move inside the cell. This movement does not lead to
the penetration of macromolecules bound to their receptors through the phospholipid
membrane. Macromolecules entering cells in this way can be transported to lysosomes
and returned back to the plasma membrane or can be transported to other membrane
formations separated from the rest of the cell. During endocytosis, receptors and ligands
are sorted based on the presence of special signals and changes in the properties of the
endosome medium, primarily its acidification. This determines whether the endosome
content will be recycled or degraded [113-115].
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Figure 3. Examples of the main endocytosis pathways. GEEC—glycosylphosphatidylinositol-
anchored protein-enriched compartment.

The interaction and exchange of contents between the endosomes and other membrane
organelles, as well as with the plasma membrane, are carried out by a vesicular transport
system [116,117]. These organelles include the Golgi complex (Golgi apparatus) with the
trans-Golgi network (TGN), ER, peroxisomes and lysosomes.

There are also other organelles in the cell, the nucleus or mitochondria, surrounded
by two layers of membranes into which proteins are transported only from the cytosol
but not from other membrane organelles [118,119]. A large number of different NLS that
mediate the entry of proteins via the nuclear pore complex (NPS) into the cell nucleus
are well known [120-124]. Mitochondrial transport is one of the most prominent routes
for the intracellular transport of macromolecules, since only 13 of the approximately
1500 mitochondrial proteins are encoded by mitochondrial DNA. There are also several
ways for the transport of proteins into the mitochondria, which direct proteins into the
inner space of the mitochondria, into the intermembrane space, as well as into the inner
and outer membranes of the mitochondria [125,126]. The characteristics of those sequences
that are recognized by the translocase of the outer membrane of mitochondria (TOM) and
translocase of the inner membrane of mitochondria (TIM, mainly TIM23) complexes for
transport into the mitochondria are also known for many proteins [127-130].

An in-depth description of the pathways for the targeting of each individual intracel-
lular organelle is provided in Section 8.

In addition to the membrane intracellular barriers, the movement of macromolecules
to the therapeutic target can also be hindered by the intracellular environment itself due
to the large concentration of macromolecules and the presence of organelles in the cell,
which complicate diffusion. An extremely high concentration of proteins in the cell leads
to the effect of macromolecular crowding, which is caused by a sharp reduction in the
solvent volume available for moving macromolecules, with an increase in their concentra-
tion [131,132]. In cells, this effect is enhanced due to the high proportion of non-spherical
macromolecules [133]. For many substances, such a description of the movement inside
cells is simplified due to the formation of biomolecular condensates that form separate
(sub)compartments in the cytosol and nucleoplasm [134]. These biomolecular condensates
can be considered different phases in liquid-liquid separation [135]. In this regard, the
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possibility to assess the effective concentration of the delivered drugs acting on selected
regulatory pathways can be very helpful for their further successful development [136].

5. Macromolecular Delivery Systems
5.1. Properties of Macromolecular Delivery Systems Predetermined by Extracellular Barriers

There is no single list of barriers that a macromolecular agent must overcome in order
to reach its target. This list depends on the intracellular location of the target, on what type
of cells the target is located in and where those cells are located in the body. Accordingly,
there is no single solution to the problem of drug delivery into the cell. It is also clear
that the properties of the delivery system may also depend on the drug being delivered.
Particles close in size to such typical pathogens as viruses and bacteria, due to their size,
are convenient means for the delivery to macrophages and other MPS cells and probably to
some tumors due to the EPR effect. Their advantages include the possibility of the delivery
and subsequent local release of a large number of low molecular weight drugs with an
already known effect. For delivery inside most other types of cells, especially those lying
deep in the tissue, it is more preferable to use something smaller. The lower limit of the size
of such delivery systems is the aforementioned renal filtration limit. Quite large proteins
exceeding ca. 60 kDa fall into this range. The most well-known solution to the problem
of the renal excretion of insufficiently large molecules is the addition of polyethylene gly-
col [137]. A long hydrophilic PEG residue shielding macromolecules or nanoparticles from
interaction with MPS can also reduce the effectiveness of their action, sterically hindering
the interactions necessary for their functioning. In addition, as shown by the results of
the clinical use of PEGylated drugs, PEG can also cause the formation of antibodies to
itself [138,139]. There are alternative variants of protein modifications that increase their
lifetime in the bloodstream. It is noteworthy that these modifications are sequences con-
sisting of proteinogenic amino acids. These include the large unstructured polypeptide
XTEN [140,141], which includes serine, glycine, proline, threonine, glutamic acid and ala-
nine, as well as polypeptides based on proline, alanine and serine (PAS) [142], or elastin-like
polypeptides (ELP) with a pentapeptide repeat—Val-Pro-Gly-Xaa-Gly (VPGXG)—found
in elastin [143].

5.2. Properties of Macromolecular Delivery Systems Predetermined by Active Principles

Recognition of the cell type, transport of macromolecules into cells, and signal trans-
duction via intracellular pathways are all largely carried out through the interaction or
modification of proteins. The variety of amino acid sequences makes it possible to combine
the necessary transport functions with therapeutic ones within a single molecule encoded
by a single gene [68,144,145]. This makes it possible to easily obtain a reproducible product
and ensure the scalability of its production. For this kind of drug system, it is necessary to
preserve the properties that ensure both transport to the desired part of the target cell and
the performance of the delivered drug.

The use of artificial polypeptides as a delivery system imposes its own natural lim-
itations associated with the attachment of the active principle. Larger nanoparticles can
be loaded with a large number of low molecular weight drugs. The payload of protein
molecules with low molecular weight drugs is usually inferior to relatively large nanopar-
ticles, especially liposomes. The attachment of the active principle may also require the
presence of a degradable linker for its therapeutic effect. An obvious solution to increase the
effect of the delivered substance is the use of a component that provides the production of
a large amount of active principle. Therefore, a delivered drug that is capable of generating
a greater number of active products upon an external stimulus or on its own is attractive
for creating effective macromolecular drug delivery systems. These include, for example,
photosensitizers that produce a variety of reactive oxygen species (ROS) when irradiated
with light of the appropriate wavelength. These ROS are extremely reactive, so they are not
able to spread over a long range in biological media and can damage biological molecules
in the immediate vicinity of the emission site [146]. Another variant of such an active
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principle is the emitters of Auger electrons, the range of which, as a rule, is limited to a few
tens of nanometers [17]. These variants of the active principle can be considered an example
of locally acting agents that need targeted intracellular delivery to realize their effect [147].

The advantage of proteins is the possibility of including the necessary regulatory
sequence or a fragment with the necessary enzymatic activity directly into the delivery
system as part of a single amino acid sequence. Examples of such protein drugs are
immunotoxins for the treatment of cancer. They are fused proteins that include catalytic
subunits of natural toxins, for example, ADP-ribosylating pseudomonas exotoxin and
diphtheria toxin, or a ligand to the receptors of malignant cells, which can be presented by
both an artificial antibody and a natural ligand [27]. Three immunotoxins have already been
approved for the treatment of hematological malignancies: IL-2 fused to a diphtheria toxin
fragment (Denileukin diftitox) for the treatment of T-cell lymphoma, anti-CD22 antibody
fused to a pseudomonas exotoxin (Moxetumomab pasudotox) for the treatment of hairy-cell
leukemia, and IL-3 fused to a fragment of diphtheria toxin (Tagraxofusp) for the treatment
of blastic plasmacytoid dendritic cell neoplasm [27]. Unfortunately, the extremely high
toxicity of ADP-ribosylating enzymes, which are the active principle of such systems, will
hinder their widespread use. Nevertheless, these examples demonstrate the possibility of
successfully overcoming the barriers on the way from the bloodstream to the cytosol of a
target cell, at least for the circulating cells. However, it is clear that it will be significantly
more difficult to reach the cells located deep in the tissues.

5.3. Combining Transport Functions in a Single Polypeptide Chain

The targeted intracellular delivery to cells of a specified type using macromolecules
requires combining many transport functions in a single molecule. In general, this is a
non-trivial task; however, the already created molecules have demonstrated that its solution
is quite possible (Figure 4).

The idea of using the combination of several amino acid sequences and transport mod-
ules for the delivery of a drug into the nuclei of target cells was originated by A.S. Sobolev
and first published in 2000 [148]. The development of this approach has shown that the de-
livery of locally acting cytotoxic agents such as photosensitizers [149,150], x-emitters [151]
and Auger electron emitters [152-154] greatly increases their effectiveness in destroying
cancer target cells. In some cases, this increase exceeds three orders of magnitude [149,154].
One of the key features of this approach is the modular principle of their construction: a
certain sequence or module is responsible for each transport function. Therefore, such
artificial protein structures are called modular nanotransporters (MNTs) [68,155]. Mod-
ules can be removed, added, replaced or rearranged. The use of MNTs for photody-
namic therapy or for Auger electron emitter-based radionuclide therapy of experimental
mouse tumors has demonstrated the significant suppression of tumor growth and cure
of animals [45,46,153,156,157]. These results were achieved with MNTs consisting of four
functional modules. The first of them is a ligand module that binds to an overexpressed in-
ternalized receptor on the surface of cancer cells. This module provides receptor-mediated
endocytosis into the target cell. The second module, the endosomolytic one, provides a
pH-dependent escape from the endosomes in slightly acidic conditions. The third module
includes the nuclear localization sequence and provides the transport of the MNTs into the
cell nucleus as a result of the interaction with the «/3-importin complex. The fourth mod-
ule separates the modules from each other, which is necessary for their effective functioning.
This module also combines the other modules into a single unit and, therefore, is a carrier
module. There are countless implementations of such constructions, and there is a long
way to go to improve them until the optimal variants for point impact on each intracellular
target will be developed. Currently, only some of the conditions that should lead to success
on this path are fully clear. In particular, it is possible to evaluate those conditions that
allow the creation of structures for the effective delivery of therapeutic agents to the target
cell nucleus. The key points for targeted intracellular drug delivery are recognition of the
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required cell type, endocytosis in them and redirection to the compartment where the target
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Figure 4. Schematic representation of the stages of the development of protein-based therapeutics for
selective drug delivery into a specific compartment of target cells. (A) Choice of the intracellular target.
(B) Selection of the necessary components of the developed therapeutics. (C) Gene engineering of the
protein-based therapeutics or its part. (D) Production and validation of the developed therapeutics.

Moreover, tumor recognition specificity can be further enhanced by the inclusion of
masking domains for the selective unmasking of cell targeting domains by tumor-specific
proteases cleavage [158-160].

6. Protein-Based Ligands for Intracellular Delivery

As noted above, there is a large class of cell surface receptor proteins whose main
function is cell regulation. These receptors are able to bind natural ligands and undergo
endocytosis. There are quite a few successful drugs that are natural ligands to internalizable
receptors. Their artificial analogues are also often used. Many of these drugs, such as
insulin, ACTH, and somatotropin derivatives, have become widespread [161]. In addition,
there are currently standard technologies for the creation of monoclonal antibodies and
antibody mimetics [13,162,163], which are widely used to affect these receptors. In 2021,
the hundredth mAb received FDA approval for treatment [164], and currently, the number
of antibodies approved for clinical use exceeds 130 [165]. Despite significant costs in
development and production, this class of drugs shows more frequent success in moving
from phase 1 clinical trials to approval than small molecules [166]. Many of these antibodies
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have proven to be in high demand and have more than a billion-dollar market. For example,
seven of the ten best-selling drugs in the world in 2019 were antibodies [167]. This indicates
a great potential for the use of artificial polypeptide drugs, which is likely to be increasingly
revealed in the foreseeable future.

Despite this apparent success, the antibodies that are already approved and being
tested cover only a small fraction of possible targets for disease treatment. The technologies
used in their creation include the production of chimerical polypeptides and can be used
to solve a much wider range of tasks. There are a huge number of therapeutic targets
inside cells that are undruggable for small molecules [168], so intracellular delivery of
antibodies [18] and transcription factors [169] is attracting increasing attention. Along
with antibodies, their Fab fragments, camelid single-domain antibodies, and antibody
mimetics based on various scaffolds can be used to reach these undruggable targets. These
include, for example, affibody based on the Z-domain of staphylococcal protein A [170],
anticalins derived from human lipocalins [171], DARPins (designed on the basis of repeats
of the sequence from ankyrin) [172], knottins (short knot sequences) [173], monobodies
(adnectins) based on a fibronectin type III domain [174], and others [163,175]. All these
variants are significantly smaller in size than IgG and can be included by standard methods
of genetic engineering in a polypeptide molecule carrying additional functions.

7. Use of Receptor-Mediated Endocytosis for Cell-Specific Drug Delivery

From the point of view of drug delivery into a specified cell type, the use of receptors
has several obvious consequences that depend on the type of ligand chosen. When using
natural ligands to receptors for drug delivery into the cell by endocytosis, in addition to the
uptake of ligand-receptor complexes, receptor-mediated regulation of cellular processes
takes place. This can lead to side effects in cells that narrow the therapeutic window.
Artificial ligands created on the basis of antibodies and antibody mimetics, as a rule,
are antagonists for receptors. This leads to the blocking of the process activated by the
natural agonist. This blocking can also cause side effects. A typical example is the side
effects that occur during the treatment of malignancies by blocking the tyrosine kinase
receptors [176,177]. In addition, receptor blockers, as a rule, do not undergo endocytosis or
do it significantly slower than activated natural ligands. The average lifetime of proteins in
the plasma membrane is estimated in tens of hours [178]; therefore, even in the absence of
a signal mediating endocytosis, ligands attached to surface proteins can slowly penetrate
into cells during membrane renewal due to the exchange of its parts with intracellular
organelles. It is not clear, however, whether slow delivery and, accordingly, a small fraction
of the delivered substance make it possible to achieve a sufficient therapeutic effect for the
intracellular concentration of the drug. For some receptors that undergo ligand-induced
endocytosis, there is also parallel constitutive ligand-independent internalization. For
example, this was shown for the epidermal growth factor receptor (EGFR) [179]. This
system, apparently, serves to simultaneously provide both high sensitivity and stability to
the signal transmission system via the EGFR. It should also be mentioned that the types of
endocytosis can act at significantly different rates, which provides both the possibility of a
rapid response and additional regulation.

As was mentioned above, a number of uptake ways of macromolecules and nanopar-
ticles are known [108,111,112]. However, not all of them are present in all cell types [108].
The most well-known example is phagocytosis, which is predominantly used by MPS cells.
Another example that highlights the importance of differences between cells in endocytosis
types is a comparison of the brain vessel endothelium with the endothelium of peripheral
tissues. In the first of them, caveolae are practically absent, whereas in the second, their
number is large, ensuring the uptake and transcytosis of a number of substances [180].
The type of endocytosis also depends on the types of receptors expressed on the cell sur-
face [181]. Meanwhile, the same receptor can be internalized in different ways depending
on the type of cell, the ligand used, and the concentration of the ligand. A part of the
key internalization proteins is shared by several different pathways of receptor-mediated
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endocytosis, resulting in their crosstalk [182]. Apparently, in general, endocytosis can
be represented as a regulated system that is adapted to the tasks of a specific cell type.
Depending on the conditions, the internalization of the receptor may switch from one
type of endocytosis to another. Most of the data on the mechanisms of endocytosis were
obtained on cell cultures, so the real mechanisms of uptake of drug delivery systems in vivo
are often unknown.

8. Branching Delivery Pathways for Endocytosed Drugs
8.1. Endosomes Acidification and Protein Drug Delivery

As already mentioned, the endocytosed ligand-receptor complex, when passing
through the initial stages of the endocytic pathway, undergoes sorting (Figure 5). This
pathway is a highly dynamic endocytic membrane system, which is comprised of early
endosomes, recycling endosomes, late endosomes/multivesicular bodies, and lysosomes.
The main pathways followed by internalized macromolecules in the majority of cells are
the pathway to the lysosomes for degradation and recycling back to the plasma membrane,
which involves the reuse of receptors [114]. An additional variety comes from the exchange
with the TGN and, through it, with the ER. These pathways are largely determined by the
receptors used and the ligands chosen. To achieve different intracellular compartments,
drug delivery systems must use additional components. The most commonly used in-
tracellular drug targets are the nucleus, cytosol, and mitochondria. Therefore, it is not
surprising that much attention is paid to the study of the possibility of drug release from
endosomes into the cytosol [183-189]. Namely, the cytosol is the cell part from which
transport into the nucleus and mitochondria is possible. To deliver drugs to the cytosol, the
delivery system must be able to leave endosomes before entering lysosomes. Otherwise,
the delivered drugs are subject to degradation by lysosomal hydrolases. The acidification
of the endosomal content, which takes place when molecules move along the endocytic
pathway, is often used to deliver internalized substances to the cytosol [190-194]. There
are rather many amino acid sequences that can provide a disturbance of the lipid bilayer
integrity in a slightly acidic environment. Many of them are used to study the possibility of
effective delivery of drugs to the cytosol [195]. For drug delivery into the cytosol of a target
cell by receptor-mediated endocytosis, it is critical that the interaction of such a sequence
with the lipid bilayer and pore formation or membrane rupture occur in a slightly acidic
environment at pH 6.5-5.5. The peptide sequence interacting with the phospholipid bilayer
under neutral conditions will undergo nonspecific embedding into the plasma membrane
of any cell. It is clear that the specificity of drug delivery to a specified cell type is hardly
achievable in this case. At the same time, if such a sequence disrupts the lipid bilayer at
pH 5 or below, the delivered drug will be hydrolyzed in lysosomes [196].

For many years, a promising research direction that uses CPP to deliver drugs into the
cytosol has been developing [197-199]. The term CPP is used to refer to a group of peptides
that can cross phospholipid membranes and reach the cytosol. This group includes several
different types of peptide sequences, which differ greatly in their composition as well as in
their known and proposed mechanisms of action [200]. Most of them are cationic sequences
that easily bind to the anionic surface of any cell. Such properties are poorly compatible
with delivery into a specified cell type.

In addition, most CPPs work effectively only at micromolar concentrations, which are
significantly higher than the dissociation constants of the ligand-receptor complexes of
cell surface receptors. Therefore, when using concentrations optimal for specific receptor-
mediated delivery, it is difficult to ensure an effective exit from endosomes using such
sequences. It should also be taken into account that the delivery of macromolecules to cells
has been shown only for an extremely small (about 4%) part of the sequences proposed as
CPPs [200]. Research on other CPPs has been limited to the transportation of fluorescent
dyes, small molecules, and short peptides.
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Figure 5. Main pathways of cell-specific macromolecular drug delivery. TGN—trans-Golgi network;
ER—endoplasmic reticulum; OM—outer mitochondrial membrane; IMS—intermembrane space;
IM—inner mitochondrial membrane.

Another option for delivery to the cytosol is to use fragments of a number of bacterial
toxins that are specialized for this process (Figure 5). They include Corynebacterium diph-
theriae toxin [201], anthrax toxins [202], Clostridium botulinum C2 toxin [203], binary toxin
(CDT), toxin A (TcdA) and B (TedB) from Clostridium difficile [204,205], and others [206-208].
An essential feature of these toxins is their ability to undergo conformational rearrange-
ments in a weakly acidic environment. The protonation of the anionic groups of these
proteins with a decrease in the environmental pH leads to a decrease in their charge and
an increase in their hydrophobicity, with subsequent embedding in the bilayer. These
toxins and the chimeric polypeptide constructs based on them are capable of forming
pores in artificial phospholipid membranes [209-213]. These pores can be seen on flat
bilayers using atomic force microscopy [211]. Nevertheless, it has been found that such
toxins additionally use the cellular proteins to increase the efficiency of delivering their
cargo [201,214]. The use of bacterial toxins” ability to transport proteins into the cytosol is
considered a suitable platform for drug delivery [186,215,216]. The advantages of using
the translocation domains of toxins for drug delivery into the cytosol include their natural
suitability for the transport of sufficiently large proteins. This greatly expands the range
of possible active agents, including proteins that compete for target proteins that transmit
regulatory signals within the cell. Short CPPs or anionic amphipathic peptides such as
GALA [217] may be sterically hampered when delivering large cargo across membranes.
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8.2. Drug Delivery into the Nucleus

As noted above, drug delivery to the cytosol also opens the way to molecular tar-
gets in the nucleus and mitochondria that are attractive for therapy. The nucleus is the
main object for regulating gene expression, both for disease correction and for in vivo
cell reprogramming. The endosomes’ escape is necessary, but it is not sufficient for the
transport of drugs into the cell nucleus from the cytosol. The transport of macromolecules
from the cytosol into the nucleus is provided by the NPC [218]. The NPC is an effective
barrier for the passive diffusion of macromolecules, highly limiting their traffic across the
NPC with the increase in their size [219]. Efficient transport into the nucleus of macro-
molecules with a mass of greater than 40 kDa is mediated by importins, proteins that bind
proteins with the NLS [120-124]. The NLS are an attractive means of transport into the
nucleus, which is often used to increase the efficiency of the proposed intracellular drug
delivery systems. Various NLS are often included in constructs based on nanoparticles,
polymers, micelles, and various polypeptides, including natural proteins, antibodies and
their derivatives, and synthetic peptides for the targeted delivery of the active agent into
the nucleus [19,45,46,66,68,149,150,152-157,193,220-226]. In addition, for the successful
transport of the drug into the nucleus, it is necessary to take into account the peculiarities
of macromolecules’ diffusion in the cytosol and the mechanisms of their active movement.
The movement in the cytosol is limited by molecular crowding as well as obstructions
due to the cytoskeleton and organelles [132,227]. Active transport through the cytosol is
carried out along microtubules by means of special motor proteins that transport macro-
molecules toward the centromere near the nucleus (dynein) or toward the cell periphery
(kinesin) [228]. The inclusion of a dynein light chain or sequences that bind to dynein in a
drug delivery vehicle can increase its effectiveness [229,230].

8.3. Mitochondrial Drug Delivery

The mitochondria are also a cellular compartment that is accessible to the drug only
from the cytosol (Figure 5). Studies of the single-cell proteome show that the proportion
of “tissue-rich” proteins in the mitochondria is apparently small [30], which underlines
the universal importance of the uniform functioning of these organelles for cells. Most
mitochondrial proteins possess a mitochondrial targeting sequence (MTS). About half of
these MTSs are localized at their N-terminus, which is probably explained by the close
connection of their translation near the mitochondria [231]. Mitochondrial proteins do not
have conserved MTSs; however, some possess a propensity to form an amphiphilic helix
with one positively charged surface and one hydrophobic surface [232]. There are different
types of MTSs for proteins that are sent to the outer and inner mitochondrial membranes,
the intermembrane space, and the mitochondrial matrix [233-237]. Proteins are transported
mainly via the TOM complex located in the outer membrane and the TIM complexes
located in the inner membrane. The narrow channels of the TOM and TIM complexes
allow the transport of proteins only in the unfolded state, which is limited to structures no
thicker than an alpha helix. Therefore, generally, transport into the mitochondria is closely
associated with the activity of chaperones and regulated by them [237,238]. A significant
part of the MTSs is cleavable [236,237]. The use of MTSs is considered one of the perspective
directions for the development of drug delivery systems into the mitochondria [16,239-243].
MTSs generally do not possess tissue specificity, which makes it possible to include MTS in
various drug delivery systems.

8.4. Peroxisomal Drug Delivery

Another cellular compartment that receives proteins from the cytosol is the peroxisome
(Figure 5). Peroxisomal proteins can be transported into these organelles in both folded and
partially unfolded forms. A number of peroxisome targeting signals that provide binding
to cytosolic receptor proteins for co-transport into peroxisomes are known [244,245]. Part
of the peroxisome membrane proteins come from the ER via vesicular transport [244,245].
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The delivery of enzymes to peroxisomes is considered a useful tool for the treatment of a
number of diseases associated with impaired oxidative processes [246,247].

8.5. Vesicular Transport to Intracellular Targets

Delivery to other intracellular compartments can be provided by vesicular transport
from endosomes (Figure 5). As already discussed above, one of the main pathways of
endocytosis ends in lysosomes. This pathway can also be used for drug delivery for the
treatment of the corresponding diseases. For example, this approach is being developed for
lysosome enzyme delivery for the treatment of lysosomal storage diseases. [248]. There is
also a specialized pathway for protein delivery from the plasma membrane into lysosomes
through mannose-6-phosphate receptors [249].

One of the possible ways of intracellular vesicular trafficking is the protein exchange
between the endosomes and the TGN [250-252]. This exchange has been detected for a
number of essential proteins, including the mannose-6-phosphate receptor [253], vacuolar
protein sorting-10 (Vps10) proteins [254], and furin [255]. Some plant and bacterial toxins,
for example, ricin [256], Shiga toxin [257], and cholera toxin [258], are transported via this
pathway. The Shiga and cholera toxins belong to the AB5 family of toxins, whose b-subunit
provides transport to the TGN and further steps of intracellular transport, including moving
into the ER and cytosol [259]. The b-subunits of these toxins are considered potentially
nontoxic carriers for drug delivery [260]. The TGN is part of the pathway for protein
trafficking, modification, and sorting, which provides both the protein secretion and the
return of the necessary transport components back to the Golgi complex and to the rough
ER [261,262]. The coordinated functioning of all the parts of the Golgi complex is necessary
for the normal functioning of the cell [261,263]. Special signal sequences ensure the retention
of proteins in the Golgi complex [262,264-266]. It is also possible that the transport of some
proteins from the Golgi complex is affected by their polymerization. The disassembly of
their polymer complexes facilitates the return back to the Golgi cisternae (the ER-Golgi
intermediate compartment, ERGIC) [267]. The Golgi complex is considered a promising
target in the treatment of cancer, fibrosis, amyotrophic lateral sclerosis, Creutzfeldt-Jacob
disease, and other neurological diseases [260].

The Golgi complex constantly exchanges content with the ER via vesicular transport.
The short KDEL sequence provides a dynamic exchange of many proteins between the ER
and Golgi [268]. The KDEL receptor binds these proteins in the ER lumen at pH 7.2-7.4
and releases them at pH 6.2 in the cis-Golgi. The ER is the largest compartment of the
cytoplasm and can occupy more than a third of its volume [269]. Processes such as the ER
stress response and the unfolded protein response (UPR) are of interest for delivery into
the ER, both for destroying cancer cells and for treating diseases.

There is also a channel between the ER and the cytosol through which cellular proteins
can be transported from one compartment to another. For transport from the cytosol to the
ER, it works mainly for newly synthesized proteins that are designed to function in the
ER or outside the cell. This transport is mediated by the Sec61 translocon, which interacts
with the ribosomes of the rough ER. Thousands of secretory and membrane proteins
follow this pathway [270,271]. The Sec61 translocon likely also works in the opposite
direction for ER-associated protein degradation (ERAD) by transporting misfolded proteins
into the cytosol [272,273]. Apparently, there are several retrotranslocons that provide
the reverse transport of misfolded and unfolded proteins from the ER to the cytosol,
including Sec61 [273], the Hrd1-Hrd3 complex [274], Derlin family members (Der1-3) [275],
and the Hrd1-Derl complex [276]. The process is closely related to the ubiquitination
and degradation of such proteins in proteasomes [277,278]. In addition, Sec61 seems to
mediate the transport of a number of receptors after the internalization of ligand-receptor
complexes and the vesicular transport of some of them from the endosomes to the TGN
and further into the cytosol and cell nucleus. Such a process has been noted for one of the
most frequently overexpressed receptors in cancer, the epidermal growth factor receptor
(EGEFR) [279], and for some other tyrosine kinases [280]. The throughput of this additional
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retrograde transport pathway of endocytosed macromolecules is much inferior to transport
into lysosomes or recycling to the cell surface. The presence of this macromolecule transport
pathway is necessary for some bacterial toxins, which, after leaving the ER, are folded in
the cytosol and not cleaved by the proteasome [257,281-283].

The vast majority of human proteins enter the lumen of the ER during translation.
However, about 200 proteins are known, mostly small and mostly containing a hydrophobic
site at the c-terminus, which are translocated post-translationally [284]. Thus, in principle,
proteins from outside the cell can deliver medicine into the ER in two main ways. One
of them passes through endosomes and subsequent retrograde transport through the
Golgi complex, as described above for drug delivery systems based on AB5 toxins [285].
Another group of toxins, which includes diphtheria toxin, provides the means to release
the delivered drugs directly from the endosomes [150,286]. Therefore, the second way may
be provided via endosome escape with subsequent translocation into the ER.

9. Future Prospects

The development of drug delivery systems that control the interaction between a
drug and a biological microenvironment is one of the main current paradigms for the
creation of new pharmaceutical products [287]. Proteins are the main class of substances
in the body that both respond to and make the cell microenvironment. The available
variety of interacting proteins, together with the membrane barriers, largely determines
the distribution of drugs inside the body and the responses to them. Disturbance of the
interactions of proteins with each other and with other cellular structures is the cause of
many pathologies. Blocking aberrant intracellular interactions and restoring disturbed
regulatory pathways could serve as the basis for the next level of truly personalized
medicine. This promising area is able to open new horizons for the effective use of a
cohort of already approved therapeutics, whose targets are now limited to cell surface
receptors. The analysis of the currently available data and the emerging prospects allow us
to conclude that a number of tasks need to be solved for success in this area. The successes
achieved in the last decade allow us to hope for their solution in the foreseeable future.
The development of transcriptomics and proteomics for the whole body and single cells
provides a basis for understanding what variants of delivery systems can be used for
treatment and what side effects can be expected when using them.

Proteins offer the unique opportunity to combine several biological functions within
a relatively small structure. An example of this kind of artificial molecule is modular nan-
otransporters that combine several transport functions: binding to the receptor and endocyto-
sis, endosome escape and transport into the cell nucleus [45,46,68,149,150,153-157,193,224].
Those artificial protein molecules combining several polypeptide moieties can be either
produced by genetic engineering or by various post-translational protein assembly ap-
proaches (e.g., barnase-barstar-based [288], enzymatic-mediated protein ligation [289,290],
intein-mediated ligation [290,291], and SpyTag/SpyCatcher [292]). The delivery of cytotoxic
agents to the most vulnerable cellular compartments is the most obvious opportunity for
cancer treatment. The same principle can be used to treat many regulatory disorders by
targeting the delivery of the appropriate regulatory sequences into the correct compartment
in the target cell. There are a number of requirements for this method of influencing dis-
orders to be implemented. Among these are requirements related to the composition and
design of the constructs, the requirement for knowledge of both the whole body and the
intracellular distribution and transport of macromolecules, and an understanding of the
protein—protein interaction. The status of research related to the components that are neces-
sary for intracellular delivery constructs, as well as research on the distribution of proteins in
cells, is briefly reviewed here. Several other problems are also significant in the development
of delivery systems for intracellular targets in cells of a specified type. Although a lot of
attention is paid to the problem of the protein structure, there is no experimental solution,
even for many natural proteins [293]. This complicates the process of developing artificial
polypeptide structures for transport and obtaining an effective treatment. Nevertheless, the
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rapid progress in the structure prediction of previously unknown protein structures [294]
allows us to count on the possibility of predicting the structure of an artificial protein de-
signed for drug transport to intracellular targets. Three-dimensional structures generated
by AlphaFold have a median backbone accuracy near one angstrom [295]. Approaches that
can predict the three-dimensional structure of multi-domain proteins [296] and proteins con-
sisting of several chains [297] are also being developed. The prediction of protein structures
is complicated by the presence in the proteome of a large number of intrinsically disordered
proteins, the structures of which may poorly correspond to any predictions [298]. Artificial
protein constructs assembled from domains with different functions can also coexist in a
solution in several different conformations. This has been found, for example, for modular
nanotransporters for delivering cytotoxic agents into the nuclei of cancer cells with the
overexpression of the EGFR or the melanocortin 1 receptor [299]. Another problem is the
incompleteness of the data on the space of intermolecular and, above all, protein—protein
interactions. The available maps of the human interactome cover mainly binary interactions
and do not take into account either their strength or the possible nonlinearity of these
interactions [300,301]. The extraordinary complexity and lack of full data on the regula-
tion of the body are additional barriers to the creation of constructs aimed at intracellular
targets [302]. A typical way to solve this problem is to identify the main parameters that
control the system. In many cases, this path leads to success. Only future research can show
the usability, limitations, and optimal frames for this reductionism.

10. Conclusions

The performed analysis reveals that protein constructs for delivery to a certain cell
compartment of a specified cell type can be considered a distinctly promising class of drugs
and delivery systems for precise drug targeting. Such protein constructs can serve either as
components of intensively developed drug nanoparticles or as a significant extension to
the list of promising therapeutic agents. The main prerequisites for the development of this
research direction are:

Generation of datasets on protein expression in individual cell types;

Many-fold differing expression of a significant part of the protein targets, both by cell
types and by subcellular localization;

A significant change of protein expression in various pathologies, primarily in cancer;
Elucidation of the plethora of barriers on the way of a macromolecule to its target
site after administration at the whole-body-, tissue- and cellular-level and the ways to
overcome them.

Moreover, significant efforts are already being made in research in the following areas,
which are of crucial importance for further movement in the aforementioned direction:

e  Accumulation of data on the subcellular distribution of proteins in cells of various
types and their individual differences;

e  Significant development of interactome maps with its transition from ascertaining the
presence of interaction between proteins to its concentration and kinetic dependences;

e  Progress in predicting the spatial structure of the created artificial protein constructs
and their interaction with the proteome.

The creation and development of protein structures for precise impacts on intracellular
targets requires huge efforts and investments, which do not seem, however, overwhelming
compared to the funds that humanity spends on wealth accumulation and conflicts.

Author Contributions: Conceptualization, A.A.R.; writing—original draft preparation, A.A.R. and
T.A.S.; writing—review and editing, A.A.R. and T.A.S,; supervision, A.A.R. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Science Foundation under project no. 22-14-00094.

Institutional Review Board Statement: Not applicable.



Pharmaceutics 2023, 15, 987 22 of 32

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We are grateful to Alexander S. Sobolev for the support and provision of the
working conditions for writing the manuscript. We wish to thank Alexey V. Ulasov for his careful
reading and suggestions on improving the manuscript. We are also grateful to Lomonosov Moscow
State University Program of Development for supporting our research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lipinski, C.A.; Lombardo, E; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings. Adv. Drug Deliv. Rev. 2001, 46, 3-26. [CrossRef]

2. Xie,J,; Bi, Y.,; Zhang, H.; Dong, S.; Teng, L.; Lee, R.].; Yang, Z. Cell-Penetrating Peptides in Diagnosis and Treatment of Human
Diseases: From Preclinical Research to Clinical Application. Front. Pharmacol. 2020, 11, 697. [CrossRef]

3. Raman, V; Van, D.N; Hall, C.L.; Wetherby, V.E.; Whitney, S.A.; Kolewe, E.L.; Bloom, S.M.K; Sharma, A.; Hardy, ].A.; Bollen, M.;
et al. Intracellular delivery of protein drugs with an autonomously lysing bacterial system reduces tumor growth and metastases.
Nat. Commun. 2021, 12, 6116. [CrossRef] [PubMed]

4. Fu,]; Yu, C.; Li, L.; Yao, S.Q. Intracellular Delivery of Functional Proteins and Native Drugs by Cell-Penetrating Poly(disulfide)s.
J. Am. Chem. Soc. 2015, 137, 12153-12160. [CrossRef]

5. Slowing, LI; Trewyn, B.G.; Lin, V.S. Mesoporous silica nanoparticles for intracellular delivery of membrane-impermeable proteins.
J. Am. Chem. Soc. 2007, 129, 8845-8849. [CrossRef]

6. Bae, S.E.; Lyu, SK.; Kim, K.J.; Shin, H.J.; Kwon, H.; Huh, S. Intracellular delivery of a native functional protein using cell-
penetrating peptide functionalized cubic MSNs with ultra-large mesopores. J. Mater. Chem. B 2018, 6, 3456-3465. [CrossRef]
[PubMed]

7. Xu, W,; Ding, J.; Chen, X. Reduction-Responsive Polypeptide Micelles for Intracellular Delivery of Antineoplastic Agent.
Biomacromolecules 2017, 18, 3291-3301. [CrossRef]

8.  Giacomini, KM.; Huang, S.M.; Tweedie, D.J.; Benet, L.Z.; Brouwer, K.L.; Chu, X.; Dahlin, A.; Evers, R.; Fischer, V.; Hillgren, KM.;
et al. Membrane transporters in drug development. Nat. Rev. Drug. Discov. 2010, 9, 215-236.

9.  Hafliger, P; Charles, R.P. The L-Type Amino Acid Transporter LAT1-An Emerging Target in Cancer. Int. ]. Mol. Sci. 2019, 20, 2428.
[CrossRef] [PubMed]

10. Puris, E.; Gynther, M.; Auriola, S.; Huttunen, K.M. L-Type amino acid transporter 1 as a target for drug delivery. Pharm. Res. 2020,
37, 88. [CrossRef]

11.  Scalise, M.; Pochini, L.; Console, L.; Losso, M.A.; Indiveri, C. The Human SLC1A5 (ASCT2) Amino Acid Transporter: From
Function to Structure and Role in Cell Biology. Front. Cell Dev. Biol. 2018, 6, 96. [CrossRef]

12.  Rask-Andersen, M.; Almen, M.S.; Schioth, H.B. Trends in the exploitation of novel drug targets. Nat. Rev. Drug Discov. 2011,
10, 579-590. [CrossRef]

13. Lu,RM.,; Hwang, Y.C; Liu, L].; Lee, C.C.; Tsai, H.Z.; Li, H.]J.; Wu, H.C. Development of therapeutic antibodies for the treatment
of diseases. J. Biomed. Sci. 2020, 27, 1. [CrossRef] [PubMed]

14. Attwood, M.M.; Jonsson, J.; Rask-Andersen, M.; Schioth, H.B. Soluble ligands as drug targets. Nat. Rev. Drug Discov. 2020,
19, 695-710. [CrossRef]

15.  Rosenblum, D.; Joshi, N.; Tao, W.; Karp, ].M.; Peer, D. Progress and challenges towards targeted delivery of cancer therapeutics.
Nat. Commun. 2018, 9, 1410. [CrossRef]

16. Guo, X.; Wei, X.; Chen, Z.; Zhang, X.; Yang, G.; Zhou, S. Multifunctional nanoplatforms for subcellular delivery of drugs in cancer
therapy. Progr. Mater. Sci. 2020, 107, 100599. [CrossRef]

17.  Rosenkranz, A.A.; Slastnikova, T.A.; Georgiev, G.P.; Zalutsky, M.R.; Sobolev, A.S. Delivery systems exploiting natural cell
transport processes of macromolecules for intracellular targeting of Auger electron emitters. Nucl. Med. Biol. 2020, 80-81, 45-56.
[CrossRef] [PubMed]

18. Slastnikova, T.A.; Ulasov, A.V.; Rosenkranz, A.A.; Sobolev, A.S. Targeted Intracellular Delivery of Antibodies: The State of the Art.
Front. Pharmacol. 2018, 9, 1208. [CrossRef]

19. Pan, L, Liu, J.; Shi, J. Cancer cell nucleus-targeting nanocomposites for advanced tumor therapeutics. Chem. Soc. Rev. 2018,
47, 6930-6946. [CrossRef]

20. Torchilin, V.P. Multifunctional, stimuli-sensitive nanoparticulate systems for drug delivery. Nat. Rev. Drug Discov. 2014,
13, 813-827. [CrossRef]

21. Nikitin, M.P.;; Zdobnova, T.A.; Lukash, S.V.; Stremovskiy, O.A.; Deyev, S.M. Protein-assisted self-assembly of multifunctional
nanoparticles. Proc. Natl. Acad. Sci. USA 2010, 107, 5827-5832. [CrossRef] [PubMed]

22. Tsomaia, N. Peptide therapeutics: Targeting the undruggable space. Eur. ]. Med. Chem. 2015, 94, 459-470. [CrossRef] [PubMed]

23.  Verdine, G.L.; Walensky, L.D. The challenge of drugging undruggable targets in cancer: Lessons learned from targeting BCL-2

family members. Clin. Cancer Res. 2007, 13, 7264-7270. [CrossRef] [PubMed]


http://doi.org/10.1016/S0169-409X(00)00129-0
http://doi.org/10.3389/fphar.2020.00697
http://doi.org/10.1038/s41467-021-26367-9
http://www.ncbi.nlm.nih.gov/pubmed/34675204
http://doi.org/10.1021/jacs.5b08130
http://doi.org/10.1021/ja0719780
http://doi.org/10.1039/C8TB00330K
http://www.ncbi.nlm.nih.gov/pubmed/32254442
http://doi.org/10.1021/acs.biomac.7b00950
http://doi.org/10.3390/ijms20102428
http://www.ncbi.nlm.nih.gov/pubmed/31100853
http://doi.org/10.1007/s11095-020-02826-8
http://doi.org/10.3389/fcell.2018.00096
http://doi.org/10.1038/nrd3478
http://doi.org/10.1186/s12929-019-0592-z
http://www.ncbi.nlm.nih.gov/pubmed/31894001
http://doi.org/10.1038/s41573-020-0078-4
http://doi.org/10.1038/s41467-018-03705-y
http://doi.org/10.1016/j.pmatsci.2019.100599
http://doi.org/10.1016/j.nucmedbio.2019.11.005
http://www.ncbi.nlm.nih.gov/pubmed/31810828
http://doi.org/10.3389/fphar.2018.01208
http://doi.org/10.1039/C8CS00081F
http://doi.org/10.1038/nrd4333
http://doi.org/10.1073/pnas.1001142107
http://www.ncbi.nlm.nih.gov/pubmed/20231484
http://doi.org/10.1016/j.ejmech.2015.01.014
http://www.ncbi.nlm.nih.gov/pubmed/25591543
http://doi.org/10.1158/1078-0432.CCR-07-2184
http://www.ncbi.nlm.nih.gov/pubmed/18094406

Pharmaceutics 2023, 15, 987 23 of 32

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Ibraheem, D.; Elaissari, A.; Fessi, H. Gene therapy and DNA delivery systems. Int. J. Pharm. 2014, 459, 70-83. [CrossRef]
[PubMed]

Kaczmarek, J.C.; Kowalski, P.S.; Anderson, D.G. Advances in the delivery of RNA therapeutics: From concept to clinical reality.
Genome Med. 2017, 9, 60. [CrossRef]

Almen, M.S.; Nordstrom, K.J.; Fredriksson, R.; Schioth, H.B. Mapping the human membrane proteome: A majority of the human
membrane proteins can be classified according to function and evolutionary origin. BMC. Biol. 2009, 7, 50. [CrossRef] [PubMed]
Kim, J.S.; Jun, S.Y.; Kim, Y.S. Critical Issues in the Development of Immunotoxins for Anticancer Therapy. J. Pharm. Sci. 2020,
109, 104-115. [CrossRef]

Marei, H.E.; Cenciarelli, C.; Hasan, A. Potential of antibody-drug conjugates (ADCs) for cancer therapy. Cancer Cell Int. 2022,
22,255, [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef]

Wang, D.; Eraslan, B.; Wieland, T.; Hallstrom, B.; Hopf, T.; Zolg, D.P,; Zecha, ].; Asplund, A.; Li, L.H.; Meng, C.; et al. A deep
proteome and transcriptome abundance atlas of 29 healthy human tissues. Mol. Syst. Biol. 2019, 15, e8503. [CrossRef]

Panina, Y.; Karagiannis, P.; Kurtz, A.; Stacey, G.N.; Fujibuchi, W. Human Cell Atlas and cell-type authentication for regenerative
medicine. Exp. Mol. Med. 2020, 52, 1443-1451. [CrossRef]

Karlsson, M.; Zhang, C.; Mear, L.; Zhong, W.; Digre, A.; Katona, B.; Sjostedt, E.; Butler, L.; Odeberg, J.; Dusart, P; et al. A
single-cell type transcriptomics map of human tissues. Sci. Adv. 2021, 7, eabh2169. [CrossRef] [PubMed]

Jones, R.C.; Karkanias, ].; Krasnow, M.A; Pisco, A.O.; Quake, S.R.; Salzman, J.; Yosef, N.; Bulthaup, B.; Brown, P.; Harper, W.; et al.
The Tabula Sapiens: A multiple-organ, single-cell transcriptomic atlas of humans. Science 2022, 376, eabl4896. [PubMed]
Martinez-Val, A.; Bekker-Jensen, D.B.; Steigerwald, S.; Koenig, C.; Ostergaard, O.; Mehta, A.; Tran, T.; Sikorski, K.; Torres-Vega, E.;
Kwasniewicz, E.; et al. Spatial-proteomics reveals phospho-signaling dynamics at subcellular resolution. Nat. Commun. 2021,
12,7113. [CrossRef]

A single-cell transcriptomic atlas characterizes ageing tissues in the mouse. Nature 2020, 583, 590-595. [CrossRef] [PubMed]
Schaum, N.; Lehallier, B.; Hahn, O.; Palovics, R.; Hosseinzadeh, S.; Lee, S.E.; Sit, R.; Lee, D.P,; Losada, PM.; Zardeneta, M.E.; et al.
Ageing hallmarks exhibit organ-specific temporal signatures. Nature 2020, 583, 596-602. [CrossRef] [PubMed]

Shokhirev, M.N.; Johnson, A.A. Modeling the human aging transcriptome across tissues, health status, and sex. Aging Cell 2021,
20, €13280. [CrossRef] [PubMed]

Omenn, G.S,; Lane, L.; Overall, C.M,; Paik, Y.K; Cristea, .LM.; Corrales, FJ.; Lindskog, C.; Weintraub, S.; Roehrl, M.H.A; Liu,
S.; et al. Progress Identifying and Analyzing the Human Proteome: 2021 Metrics from the HUPO Human Proteome Project. J.
Proteome. Res. 2021, 20, 5227-5240. [CrossRef] [PubMed]

Kelly, R.T. Single-cell Proteomics: Progress and Prospects. Mol. Cell Proteom. 2020, 19, 1739-1748. [CrossRef] [PubMed]

Mund, A,; Brunner, A.D.; Mann, M. Unbiased spatial proteomics with single-cell resolution in tissues. Mol. Cell 2022, 82, 2335-2349.
[CrossRef]

Thul, PJ.; Akesson, L.; Wiking, M.; Mahdessian, D.; Geladaki, A.; Ait, B.H.; Alm, T.; Asplund, A.; Bjork, L.; Breckels, L.M.; et al. A
subcellular map of the human proteome. Science 2017, 356, eaal3321. Available online: https://www.proteinatlas.org/ (accessed
on 18 March 2023). [CrossRef]

Louzoun-Zada, S.; Jaber, Q.Z.; Fridman, M. Guiding Drugs to Target-Harboring Organelles: Stretching Drug-Delivery to a Higher
Level of Resolution. Angew. Chem. Int. Ed Engl. 2019, 58, 15584-15594. [CrossRef] [PubMed]

Saminathan, A.; Zajac, M.; Anees, P.; Krishnan, Y. Organelle-level precision with next-generation targeting technologies. Nat. Rev.
Mater. 2022, 7, 355-371. [CrossRef]

Han, K,; Zhang, W.-Y.; Zhang, J.; Lei, Q.; Wang, S.-B.; Liu, ] W.; Zhang, X.Z.; Han, H.Y. Acidity-triggered tumor-targeted chimeric
peptide for enhanced intra-nuclear photodynamic therapy. Adv. Funct. Mater. 2016, 26, 4351-4361. [CrossRef]

Slastnikova, T.A.; Rosenkranz, A.A.; Gulak, P.V,; Schiffelers, R.M.; Lupanova, T.N.; Khramtsov, Y.V.; Zalutsky, M.R.; Sobolev,
A.S. Modular nanotransporters: A multipurpose in vivo working platform for targeted drug delivery. Int. ]. Nanomed. 2012,
7,467-482.

Rosenkranz, A.A.; Slastnikova, T.A.; Karmakova, T.A.; Vorontsova, M.S.; Morozova, N.B.; Petriev, V.M.; Abrosimov, A.S.;
Khramtsov, Y.V.,; Lupanova, T.N.; Ulasov, A.V,; et al. Antitumor Activity of Auger Electron Emitter (111)In Delivered by Modular
Nanotransporter for Treatment of Bladder Cancer With EGFR Overexpression. Front. Pharmacol. 2018, 9, 1331. [CrossRef]
[PubMed]

Bavelaar, B.M,; Lee, B.Q.; Gill, M.R,; Falzone, N.; Vallis, K.A. Subcellular Targeting of Theranostic Radionuclides. Front. Pharmacol.
2018, 9, 996. [CrossRef]

Huang, S.; Zhu, Z,; Jia, B.; Zhang, W.; Song, J. Design of acid-activated cell-penetrating peptides with nuclear localization capacity
for anticancer drug delivery. J. Pept. Sci. 2021, 27, e3354. [CrossRef]

Pan, L.; Liu, J.; Shi, J. Nuclear-Targeting Gold Nanorods for Extremely Low NIR Activated Photothermal Therapy. ACS Appl.
Mater. Interfaces. 2017, 9, 15952-15961. [CrossRef]

Li, Q.; Yang, J.; Chen, C.; Lin, X.; Zhou, M.; Zhou, Z.; Huang, Y. A novel mitochondrial targeted hybrid peptide modified HPMA
copolymers for breast cancer metastasis suppression. J. Control. Release 2020, 325, 38-51. [CrossRef]

D’Souza, G.G.; Rammohan, R.; Cheng, S.M.; Torchilin, V.P.; Weissig, V. DQAsome-mediated delivery of plasmid DNA toward
mitochonderia in living cells. J. Control. Release 2003, 92, 189-197. [CrossRef]


http://doi.org/10.1016/j.ijpharm.2013.11.041
http://www.ncbi.nlm.nih.gov/pubmed/24286924
http://doi.org/10.1186/s13073-017-0450-0
http://doi.org/10.1186/1741-7007-7-50
http://www.ncbi.nlm.nih.gov/pubmed/19678920
http://doi.org/10.1016/j.xphs.2019.10.037
http://doi.org/10.1186/s12935-022-02679-8
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.15252/msb.20188503
http://doi.org/10.1038/s12276-020-0421-1
http://doi.org/10.1126/sciadv.abh2169
http://www.ncbi.nlm.nih.gov/pubmed/34321199
http://www.ncbi.nlm.nih.gov/pubmed/35549404
http://doi.org/10.1038/s41467-021-27398-y
http://doi.org/10.1038/s41586-020-2496-1
http://www.ncbi.nlm.nih.gov/pubmed/32669714
http://doi.org/10.1038/s41586-020-2499-y
http://www.ncbi.nlm.nih.gov/pubmed/32669715
http://doi.org/10.1111/acel.13280
http://www.ncbi.nlm.nih.gov/pubmed/33336875
http://doi.org/10.1021/acs.jproteome.1c00590
http://www.ncbi.nlm.nih.gov/pubmed/34670092
http://doi.org/10.1074/mcp.R120.002234
http://www.ncbi.nlm.nih.gov/pubmed/32847821
http://doi.org/10.1016/j.molcel.2022.05.022
https://www.proteinatlas.org/
http://doi.org/10.1126/science.aal3321
http://doi.org/10.1002/anie.201906284
http://www.ncbi.nlm.nih.gov/pubmed/31237741
http://doi.org/10.1038/s41578-021-00396-8
http://doi.org/10.1002/adfm.201600170
http://doi.org/10.3389/fphar.2018.01331
http://www.ncbi.nlm.nih.gov/pubmed/30510514
http://doi.org/10.3389/fphar.2018.00996
http://doi.org/10.1002/psc.3354
http://doi.org/10.1021/acsami.7b03017
http://doi.org/10.1016/j.jconrel.2020.06.010
http://doi.org/10.1016/S0168-3659(03)00297-9

Pharmaceutics 2023, 15, 987 24 of 32

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Shah, B.P; Pasquale, N.; De, G.; Tan, T.; Ma, J.; Lee, K.B. Core-shell nanoparticle-based peptide therapeutics and combined
hyperthermia for enhanced cancer cell apoptosis. ACS Nano 2014, 8, 9379-9387. [CrossRef]

Yaqoob, M.D.; Xu, L.; Li, C.; Leong, M.M.L.; Xu, D.D. Targeting mitochondria for cancer photodynamic therapy. Photodiagnosis
Photodyn. Ther. 2022, 38, 102830. [CrossRef]

Jin, X;; Yang, H.; Mao, Z.; Wang, B. Cathepsin B-responsive multifunctional peptide conjugated gold nanorods for mitochondrial
targeting and precise photothermal cancer therapy. J. Colloid Interface Sci. 2021, 601, 714-726. [CrossRef]

Jiang, W.; Cheng, C.; Qiu, X.; Chen, L.; Guo, X.; Luo, Y.; Wang, J.; Wang, J.; Xie, Z.; Li, P; et al. Peptide Supramolecular
Assembly-Instructed In Situ Self-Aggregation for Stratified Targeting Sonodynamic Therapy Enhancement of AIE Luminogens.
Adv. Sci. 2022, 10, €2204989. [CrossRef] [PubMed]

Murphy, M.P,; Hartley, R.C. Mitochondria as a therapeutic target for common pathologies. Nat. Rev. Drug. Discov. 2018,
17, 865-886. [CrossRef] [PubMed]

Platt, EM.; d’Azzo, A.; Davidson, B.L.; Neufeld, E.F; Tifft, C.J. Lysosomal storage diseases. Nat. Rev. Dis. Primers. 2018, 4, 27.
[CrossRef] [PubMed]

Banik, S.M.; Pedram, K.; Wisnovsky, S.; Ahn, G.; Riley, N.M.; Bertozzi, C.R. Lysosome-targeting chimaeras for degradation of
extracellular proteins. Nature 2020, 584, 291-297. [CrossRef] [PubMed]

Paulk, J. Lysosome-targeting chimeras evolve. Nat. Chem. Biol. 2021, 17, 931-933. [CrossRef]

Liu, Y.; Sun, B,; Pan, J.; Feng, Y.; Ye, W.; Xu, ].; Lan, M.; Sun, H.; Zhang, X.; Sun, Y,; et al. Construction and evaluation of DNA
vaccine encoding Ebola virus glycoprotein fused with lysosome-associated membrane protein. Antivir. Res. 2021, 193, 105141.
[CrossRef]

Marciniak, S.J.; Chambers, J.E.; Ron, D. Pharmacological targeting of endoplasmic reticulum stress in disease. Nat. Rev. Drug.
Discov. 2022, 21, 115-140. [CrossRef] [PubMed]

Shi, Y.; Wang, S.; Wu, J.; Jin, X.; You, J. Pharmaceutical strategies for endoplasmic reticulum-targeting and their prospects of
application. J. Control. Release 2021, 329, 337-352. [CrossRef] [PubMed]

Yang, J.; Griffin, A.; Qiang, Z.; Ren, J. Organelle-targeted therapies: A comprehensive review on system design for enabling
precision oncology. Signal. Transduct. Target Ther. 2022, 7, 379. [CrossRef]

Jin, J.; Wu, Y,; Chen, J.; Shen, Y.; Zhang, L.; Zhang, H.; Chen, L.; Yuan, H.; Chen, H.; Zhang, W.; et al. The peptide PROTAC
modality: A novel strategy for targeted protein ubiquitination. Theranostics 2020, 10, 10141-10153. [CrossRef]

Cotton, A.D.; Nguyen, D.P.; Gramespacher, ]J.A.; Seiple, I.B.; Wells, J.A. Development of Antibody-Based PROTACs for the
Degradation of the Cell-Surface Immune Checkpoint Protein PD-L1. J. Am. Chem. Soc. 2021, 143, 593-598. [CrossRef] [PubMed]
Costantini, D.L.; McLarty, K.; Lee, H.; Done, S.J.; Vallis, K.A.; Reilly, R.M. Antitumor effects and normal-tissue toxicity of
111In-nuclear localization sequence-trastuzumab in athymic mice bearing HER-positive human breast cancer xenografts. J. Nucl.
Med. 2010, 51, 1084-1091. [CrossRef]

Cornelissen, B.; Waller, A.; Target, C.; Kersemans, V.; Smart, S.; Vallis, K.A. 111In-BnDTPA-F3: An Auger electron-emitting
radiotherapeutic agent that targets nucleolin. EENMMI. Res. 2012, 2, 9. [CrossRef]

Sobolev, A.S. The Delivery of Biologically Active Agents into the Nuclei of Target Cells for the Purposes of Translational Medicine.
Acta Nat. 2020, 12, 47-56. [CrossRef]

Li, Q.; Hao, X,; Zaidi, S.S.A.; Guo, J.; Ren, X.; Shi, C.; Zhang, W.; Feng, Y. Oligohistidine and targeting peptide functionalized
TAT-NLS for enhancing cellular uptake and promoting angiogenesis in vivo. J. Nanobiotechnology 2018, 16, 29. [CrossRef]
Zhang, J.; Sun, A.; Xu, R.; Tao, X.; Dong, Y.; Lv, X.; Wei, D. Cell-penetrating and endoplasmic reticulum-locating TAT-IL-24-KDEL
fusion protein induces tumor apoptosis. J. Cell Physiol. 2016, 231, 84-93. [CrossRef]

He, H.; Guo, J.; Lin, X.; Xu, B. Enzyme-Instructed Assemblies Enable Mitochondria Localization of Histone H2B in Cancer Cells.
Angew. Chem. Int. Ed. Engl. 2020, 59, 9330-9334. [CrossRef]

He, H.; Wang, J.; Wang, H.; Zhou, N.; Yang, D.; Green, D.R.; Xu, B. Enzymatic Cleavage of Branched Peptides for Targeting
Mitochondria. J. Am. Chem. Soc. 2018, 140, 1215-1218. [CrossRef]

Wagstaff, K.M.; Glover, D.J.; Tremethick, D.J.; Jans, D.A. Histone-mediated transduction as an efficient means for gene delivery.
Mol. Ther. 2007, 15, 721-731. [CrossRef]

Khan, I.; Saeed, K.; Khan, I. Nanoparticles: Properties, applications and toxicities. Arab. J. Chem. 2019, 12, 908-931. [CrossRef]
Farokhzad, O.C.; Langer, R. Impact of nanotechnology on drug delivery. ACS Nano 2009, 3, 16-20. [CrossRef]

Erickson, H.P. Size and shape of protein molecules at the nanometer level determined by sedimentation, gel filtration, and
electron microscopy. Biol. Proced. Online 2009, 11, 32-51. [CrossRef]

Bertrand, N.; Leroux, ]J.C. The journey of a drug-carrier in the body: An anatomo-physiological perspective. . Control. Release
2012, 161, 152-163. [CrossRef]

Gustafson, H.H.; Holt-Casper, D.; Grainger, D.W.; Ghandehari, H. Nanoparticle Uptake: The Phagocyte Problem. Nano. Today
2015, 10, 487-510. [CrossRef]

Zhang, M.; Yang, M.; Morimoto, T.; Tajima, N.; Ichiraku, K.; Fujita, K,; Iijima, S.; Yudasaka, M.; Okazaki, T. Size-dependent cell
uptake of carbon nanotubes by macrophages: A comparative and quantitative study. Carbon 2018, 127, 93-101. [CrossRef]
Chen, Z; Chen, X.; Huang, J.; Wang, J.; Wang, Z. Harnessing Protein Corona for Biomimetic Nanomedicine Design. Biomimetics
2022, 7, 126. [CrossRef] [PubMed]

Sleep, D. Albumin and its application in drug delivery. Expert. Opin. Drug Deliv. 2015, 12, 793-812. [CrossRef]


http://doi.org/10.1021/nn503431x
http://doi.org/10.1016/j.pdpdt.2022.102830
http://doi.org/10.1016/j.jcis.2021.05.135
http://doi.org/10.1002/advs.202204989
http://www.ncbi.nlm.nih.gov/pubmed/36494092
http://doi.org/10.1038/nrd.2018.174
http://www.ncbi.nlm.nih.gov/pubmed/30393373
http://doi.org/10.1038/s41572-018-0025-4
http://www.ncbi.nlm.nih.gov/pubmed/30275469
http://doi.org/10.1038/s41586-020-2545-9
http://www.ncbi.nlm.nih.gov/pubmed/32728216
http://doi.org/10.1038/s41589-021-00835-1
http://doi.org/10.1016/j.antiviral.2021.105141
http://doi.org/10.1038/s41573-021-00320-3
http://www.ncbi.nlm.nih.gov/pubmed/34702991
http://doi.org/10.1016/j.jconrel.2020.11.054
http://www.ncbi.nlm.nih.gov/pubmed/33290795
http://doi.org/10.1038/s41392-022-01243-0
http://doi.org/10.7150/thno.46985
http://doi.org/10.1021/jacs.0c10008
http://www.ncbi.nlm.nih.gov/pubmed/33395526
http://doi.org/10.2967/jnumed.109.072389
http://doi.org/10.1186/2191-219X-2-9
http://doi.org/10.32607/actanaturae.11049
http://doi.org/10.1186/s12951-018-0358-x
http://doi.org/10.1002/jcp.25054
http://doi.org/10.1002/anie.202000983
http://doi.org/10.1021/jacs.7b11582
http://doi.org/10.1038/sj.mt.6300093
http://doi.org/10.1016/j.arabjc.2017.05.011
http://doi.org/10.1021/nn900002m
http://doi.org/10.1007/s12575-009-9008-x
http://doi.org/10.1016/j.jconrel.2011.09.098
http://doi.org/10.1016/j.nantod.2015.06.006
http://doi.org/10.1016/j.carbon.2017.10.085
http://doi.org/10.3390/biomimetics7030126
http://www.ncbi.nlm.nih.gov/pubmed/36134930
http://doi.org/10.1517/17425247.2015.993313

Pharmaceutics 2023, 15, 987 25 of 32

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

93.

94.
95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

Challa, D.K,; Velmurugan, R.; Ober, R.].; Sally, W.E. FcRn: From molecular interactions to regulation of IgG pharmacokinetics and
functions. Curr. Top. Microbiol. Immunol. 2014, 382, 249-272. [PubMed]

Chen, F; Wang, G.; Griffin, J.I; Brenneman, B.; Banda, N.K.; Holers, V.M.; Backos, D.S.; Wu, L.; Moghimi, S.M.; Simberg, D.
Complement proteins bind to nanoparticle protein corona and undergo dynamic exchange in vivo. Nat. Nanotechnol. 2017,
12, 387-393. [CrossRef]

Owens, D.E,, III; Peppas, N.A. Opsonization, biodistribution, and pharmacokinetics of polymeric nanoparticles. Int. J. Pharm.
2006, 307, 93-102. [CrossRef]

Vu, V.P; Gifford, G.B.; Chen, E; Benasutti, H.; Wang, G.; Groman, E.V.; Scheinman, R.; Saba, L.; Moghimi, S.M.; Simberg, D.
Immunoglobulin deposition on biomolecule corona determines complement opsonization efficiency of preclinical and clinical
nanoparticles. Nat. Nanotechnol. 2019, 14, 260-268. [CrossRef]

Sarin, H. Physiologic upper limits of pore size of different blood capillary types and another perspective on the dual pore theory
of microvascular permeability. |. Angiogenes Res. 2010, 2, 14. [CrossRef]

Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. Tumor vascular permeability and the EPR effect in macromolecular
therapeutics: A review. J. Control. Release 2000, 65, 271-284. [CrossRef]

Maeda, H.; Nakamura, H.; Fang, J. The EPR effect for macromolecular drug delivery to solid tumors: Improvement of tumor
uptake, lowering of systemic toxicity, and distinct tumor imaging in vivo. Adv. Drug Deliv. Rev. 2013, 65, 71-79. [CrossRef]
[PubMed]

Torchilin, V. Tumor delivery of macromolecular drugs based on the EPR effect. Adv. Drug Deliv. Rev. 2011, 63, 131-135. [CrossRef]
[PubMed]

Maeda, H. Toward a full understanding of the EPR effect in primary and metastatic tumors as well as issues related to its
heterogeneity. Adv. Drug Deliv. Rev. 2015, 91, 3—6. [CrossRef]

Nichols, ].W.; Bae, Y.H. EPR: Evidence and fallacy. J. Control. Release 2014, 190, 451-464. [CrossRef] [PubMed]

Dai, Q.; Wilhelm, S.; Ding, D.; Syed, A.M.; Sindhwani, S.; Zhang, Y.; Chen, Y.Y.; MacMillan, P.; Chan, W.C.W. Quantifying the
Ligand-Coated Nanoparticle Delivery to Cancer Cells in Solid Tumors. ACS Nano. 2018, 12, 8423-8435. [CrossRef]

Sindhwani, S.; Syed, A.M.; Ngai, J.; Kingston, B.R.; Maiorino, L.; Rothschild, J.; MacMillan, P.; Zhang, Y.; Rajesh, N.U.; Hoang, T.;
et al. The entry of nanoparticles into solid tumours. Nat. Mater. 2020, 19, 566-575. [CrossRef] [PubMed]

Mehta, D.; Malik, A.B. Signaling mechanisms regulating endothelial permeability. Physiol. Rev. 2006, 86, 279-367. [CrossRef]
Fung, K.Y.Y; Fairn, G.D.; Lee, W.L. Transcellular vesicular transport in epithelial and endothelial cells: Challenges and opportuni-
ties. Traffic 2018, 19, 5-18. [CrossRef]

Yazdani, S.; Jaldin-Fincati, ].R.; Pereira, R.V.S.; Klip, A. Endothelial cell barriers: Transport of molecules between blood and
tissues. Traffic 2019, 20, 390-403. [CrossRef]

Komarova, Y.A.; Kruse, K.; Mehta, D.; Malik, A.B. Protein Interactions at Endothelial Junctions and Signaling Mechanisms
Regulating Endothelial Permeability. Circ. Res. 2017, 120, 179-206. [CrossRef]

Wettschureck, N.; Strilic, B.; Offermanns, S. Passing the Vascular Barrier: Endothelial Signaling Processes Controlling Extravasa-
tion. Physiol. Rev. 2019, 99, 1467-1525. [CrossRef] [PubMed]

Pulgar, V.M. Transcytosis to Cross the Blood Brain Barrier, New Advancements and Challenges. Front Neurosci. 2018, 12, 1019.
[CrossRef]

Theocharis, A.D.; Skandalis, S.S.; Gialeli, C.; Karamanos, N.K. Extracellular matrix structure. Adv. Drug Deliv. Rev. 2016, 97, 4-27.
[CrossRef] [PubMed]

Lieleg, O.; Baumgartel, R.M.; Bausch, A.R. Selective filtering of particles by the extracellular matrix: An electrostatic bandpass.
Biophys. J. 2009, 97, 1569-1577. [CrossRef] [PubMed]

Stylianopoulos, T.; Poh, M.Z; Insin, N.; Bawendi, M.G.; Fukumura, D.; Munn, L.L.; Jain, R.K. Diffusion of particles in the
extracellular matrix: The effect of repulsive electrostatic interactions. Biophys. J. 2010, 99, 1342-1349. [CrossRef]

Uhl, B.; Hirn, S.; Immler, R.; Mildner, K.; Mockl, L.; Sperandio, M.; Brauchle, C.; Reichel, C.A.; Zeuschner, D.; Krombach, F.
The Endothelial Glycocalyx Controls Interactions of Quantum Dots with the Endothelium and Their Translocation across the
Blood-Tissue Border. ACS Nano 2017, 11, 1498-1508. [CrossRef]

Dolor, A.; Szoka, EC., Jr. Digesting a Path Forward: The Utility of Collagenase Tumor Treatment for Improved Drug Delivery.
Mol. Pharm. 2018, 15, 2069-2083. [CrossRef]

Yang, H.; Tong, Z.; Sun, S.; Mao, Z. Enhancement of tumour penetration by nanomedicines through strategies based on transport
processes and barriers. J. Control. Release 2020, 328, 28-44. [CrossRef] [PubMed]

Christopher, ]J.A.; Stadler, C.; Martin, C.E.; Morgenstern, M.; Pan, Y.; Betsinger, C.N.; Rattray, D.G.; Mahdessian, D.; Gingras, A.C.;
Warscheid, B.; et al. Subcellular proteomics. Nat. Rev. Methods Primers. 2021, 1, 32. [CrossRef]

Doherty, G.J.; McMahon, H.T. Mechanisms of endocytosis. Annu. Rev. Biochem. 2009, 78, 857-902. [CrossRef] [PubMed]
Rennick, ].].; Johnston, A.P.R.; Parton, R.G. Key principles and methods for studying the endocytosis of biological and nanoparticle
therapeutics. Nat. Nanotechnol. 2021, 16, 266-276. [CrossRef]

Mayor, S.; Parton, R.G.; Donaldson, J.G. Clathrin-independent pathways of endocytosis. Cold Spring Harb. Perspect. Biol. 2014,
6,a016758. [CrossRef]

Casamento, A.; Boucrot, E. Molecular mechanism of Fast Endophilin-Mediated Endocytosis. Biochem. J. 2020, 477, 2327-2345.
[CrossRef]


http://www.ncbi.nlm.nih.gov/pubmed/25116104
http://doi.org/10.1038/nnano.2016.269
http://doi.org/10.1016/j.ijpharm.2005.10.010
http://doi.org/10.1038/s41565-018-0344-3
http://doi.org/10.1186/2040-2384-2-14
http://doi.org/10.1016/S0168-3659(99)00248-5
http://doi.org/10.1016/j.addr.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23088862
http://doi.org/10.1016/j.addr.2010.03.011
http://www.ncbi.nlm.nih.gov/pubmed/20304019
http://doi.org/10.1016/j.addr.2015.01.002
http://doi.org/10.1016/j.jconrel.2014.03.057
http://www.ncbi.nlm.nih.gov/pubmed/24794900
http://doi.org/10.1021/acsnano.8b03900
http://doi.org/10.1038/s41563-019-0566-2
http://www.ncbi.nlm.nih.gov/pubmed/31932672
http://doi.org/10.1152/physrev.00012.2005
http://doi.org/10.1111/tra.12533
http://doi.org/10.1111/tra.12645
http://doi.org/10.1161/CIRCRESAHA.116.306534
http://doi.org/10.1152/physrev.00037.2018
http://www.ncbi.nlm.nih.gov/pubmed/31140373
http://doi.org/10.3389/fnins.2018.01019
http://doi.org/10.1016/j.addr.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26562801
http://doi.org/10.1016/j.bpj.2009.07.009
http://www.ncbi.nlm.nih.gov/pubmed/19751661
http://doi.org/10.1016/j.bpj.2010.06.016
http://doi.org/10.1021/acsnano.6b06812
http://doi.org/10.1021/acs.molpharmaceut.8b00319
http://doi.org/10.1016/j.jconrel.2020.08.024
http://www.ncbi.nlm.nih.gov/pubmed/32858072
http://doi.org/10.1038/s43586-021-00029-y
http://doi.org/10.1146/annurev.biochem.78.081307.110540
http://www.ncbi.nlm.nih.gov/pubmed/19317650
http://doi.org/10.1038/s41565-021-00858-8
http://doi.org/10.1101/cshperspect.a016758
http://doi.org/10.1042/BCJ20190342

Pharmaceutics 2023, 15, 987 26 of 32

111.
112.
113.

114.
115.

116.
117.

118.

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

134.

135.

136.

137.

138.

139.
140.

141.

142.

Watanabe, S.; Boucrot, E. Fast and ultrafast endocytosis. Curr. Opin. Cell Biol. 2017, 47, 64-71. [CrossRef] [PubMed]

Renard, H.E; Boucrot, E. Unconventional endocytic mechanisms. Curr. Opin. Cell Biol. 2021, 71, 120-129. [CrossRef]

Grant, B.D.; Donaldson, J.G. Pathways and mechanisms of endocytic recycling. Nat. Rev. Mol. Cell Biol. 2009, 10, 597-608.
[CrossRef] [PubMed]

Huotari, J.; Helenius, A. Endosome maturation. EMBO J. 2011, 30, 3481-3500. [CrossRef]

Scott, C.C.; Vacca, F; Gruenberg, ]. Endosome maturation, transport and functions. Semin. Cell Dev. Biol. 2014, 31, 2-10. [CrossRef]
[PubMed]

Bhuin, T.; Roy, J.K. Rab proteins: The key regulators of intracellular vesicle transport. Exp. Cell Res. 2014, 328, 1-19. [CrossRef]
Kumar, A.; Ahmad, A.; Vyawahare, A.; Khan, R. Membrane Trafficking and Subcellular Drug Targeting Pathways. Front.
Pharmacol. 2020, 11, 629. [CrossRef]

Wente, S.R.; Rout, M.P. The nuclear pore complex and nuclear transport. Cold Spring Harb. Perspect. Biol. 2010, 2, a000562.
[CrossRef]

Hansen, K.G.; Herrmann, ].M. Transport of Proteins into Mitochondria. Protein J. 2019, 38, 330-342. [CrossRef]

Kosugi, S.; Hasebe, M.; Matsumura, N.; Takashima, H.; Miyamoto-Sato, E.; Tomita, M.; Yanagawa, H. Six classes of nuclear
localization signals specific to different binding grooves of importin alpha. J. Biol. Chem. 2009, 284, 478-485. [CrossRef]

Soniat, M.; Chook, Y.M. Nuclear localization signals for four distinct karyopherin-beta nuclear import systems. Biochem. . 2015,
468, 353-362. [CrossRef] [PubMed]

Lu, J.; Wu, T,; Zhang, B.; Liu, S.; Song, W.; Qiao, J.; Ruan, H. Types of nuclear localization signals and mechanisms of protein
import into the nucleus. Cell Commun. Signal. 2021, 19, 60. [CrossRef] [PubMed]

Jans, D.A.; Xiao, C.Y.; Lam, M.H. Nuclear targeting signal recognition: A key control point in nuclear transport? Bioessays 2000,
22,532-544. [CrossRef]

Hampoelz, B.; Andres-Pons, A.; Kastritis, P.; Beck, M. Structure and Assembly of the Nuclear Pore Complex. Annu. Rev. Biophys.
2019, 48, 515-536. [CrossRef] [PubMed]

Chacinska, A.; Koehler, C.M.; Milenkovic, D.; Lithgow, T.; Pfanner, N. Importing mitochondrial proteins: Machineries and
mechanisms. Cell 2009, 138, 628-644. [CrossRef]

Wiedemann, N.; Pfanner, N. Mitochondrial Machineries for Protein Import and Assembly. Annu. Rev. Biochem. 2017, 86, 685-714.
[CrossRef] [PubMed]

Schmidt, O.; Pfanner, N.; Meisinger, C. Mitochondrial protein import: From proteomics to functional mechanisms. Nat. Rev. Mol.
Cell Biol. 2010, 11, 655-667. [CrossRef]

Schulz, C.; Schendzielorz, A.; Rehling, P. Unlocking the presequence import pathway. Trends Cell Biol. 2015, 25, 265-275.
[CrossRef] [PubMed]

Callegari, S.; Cruz-Zaragoza, L.D.; Rehling, P. From TOM to the TIM23 complex-handing over of a precursor. Biol. Chem. 2020,
401, 709-721. [CrossRef]

Guan, Z,; Yan, L.; Wang, Q.; Qi, L.; Hong, S.; Gong, Z.; Yan, C.; Yin, P. Structural insights into assembly of human mitochondrial
translocase TOM complex. Cell Discov. 2021, 7, 22. [CrossRef] [PubMed]

Ellis, R.J. Macromolecular crowding: Obvious but underappreciated. Trends Biochem. Sci. 2001, 26, 597-604. [CrossRef] [PubMed]
Kuznetsova, I.M.; Turoverov, K.K.; Uversky, VN. What macromolecular crowding can do to a protein. Int. ]. Mol. Sci. 2014,
15, 23090-23140. [CrossRef]

Skora, T.; Vaghefikia, F.; Fitter, J.; Kondrat, S. Macromolecular Crowding: How Shape and Interactions Affect Diffusion. J. Phys.
Chem. B 2020, 124, 7537-7543. [CrossRef] [PubMed]

Banani, S.F.; Lee, H.O.; Hyman, A.A.; Rosen, M.K. Biomolecular condensates: Organizers of cellular biochemistry. Nat. Rev. Mol.
Cell Biol. 2017, 18, 285-298. [CrossRef]

Hyman, A.A.; Weber, C.A; Julicher, F. Liquid-liquid phase separation in biology. Annu. Rev. Cell Dev. Biol. 2014, 30, 39-58.
[CrossRef] [PubMed]

Khramtsov, Y.V.; Ulasov, A.V.; Rosenkranz, A.A; Slastnikova, T.A.; Lupanova, T.N.; Georgiev, G.P.; Sobolev, A.S. An Approach to
Evaluate the Effective Cytoplasmic Concentration of Bioactive Agents Interacting with a Selected Intracellular Target Protein.
Pharmaceutics 2023, 15, 324. [CrossRef] [PubMed]

Jevsevar, S.; Kunstelj, M.; Porekar, V.G. PEGylation of therapeutic proteins. Biotechnol. ]. 2010, 5, 113-128. [CrossRef]

Knop, K.; Hoogenboom, R.; Fischer, D.; Schubert, U.S. Poly(ethylene glycol) in drug delivery: Pros and cons as well as potential
alternatives. Angew. Chem. Int. Ed Engl. 2010, 49, 6288-6308. [CrossRef]

Qi, Y,; Chilkoti, A. Protein-polymer conjugation-moving beyond PEGylation. Curr. Opin. Chem. Biol. 2015, 28, 181-193. [CrossRef]
Podust, V.N.; Balan, S.; Sim, B.C.; Coyle, M.P.; Ernst, U.; Peters, R.T.; Schellenberger, V. Extension of in vivo half-life of biologically
active molecules by XTEN protein polymers. J. Control. Release 2016, 240, 52—66. [CrossRef]

Schellenberger, V.; Wang, C.W.; Geething, N.C.; Spink, B.].; Campbell, A.; To, W.; Scholle, M.D.; Yin, Y.; Yao, Y.; Bogin, O.; et al.
A recombinant polypeptide extends the in vivo half-life of peptides and proteins in a tunable manner. Nat. Biotechnol. 2009,
27,1186-1190. [CrossRef] [PubMed]

Schlapschy, M.; Binder, U.; Borger, C.; Theobald, I.; Wachinger, K.; Kisling, S.; Haller, D.; Skerra, A. PASylation: A biological
alternative to PEGylation for extending the plasma half-life of pharmaceutically active proteins. Protein Eng. Des. Sel. 2013,
26, 489-501. [CrossRef]


http://doi.org/10.1016/j.ceb.2017.02.013
http://www.ncbi.nlm.nih.gov/pubmed/28391090
http://doi.org/10.1016/j.ceb.2021.03.001
http://doi.org/10.1038/nrm2755
http://www.ncbi.nlm.nih.gov/pubmed/19696797
http://doi.org/10.1038/emboj.2011.286
http://doi.org/10.1016/j.semcdb.2014.03.034
http://www.ncbi.nlm.nih.gov/pubmed/24709024
http://doi.org/10.1016/j.yexcr.2014.07.027
http://doi.org/10.3389/fphar.2020.00629
http://doi.org/10.1101/cshperspect.a000562
http://doi.org/10.1007/s10930-019-09819-6
http://doi.org/10.1074/jbc.M807017200
http://doi.org/10.1042/BJ20150368
http://www.ncbi.nlm.nih.gov/pubmed/26173234
http://doi.org/10.1186/s12964-021-00741-y
http://www.ncbi.nlm.nih.gov/pubmed/34022911
http://doi.org/10.1002/(SICI)1521-1878(200006)22:6&lt;532::AID-BIES6&gt;3.0.CO;2-O
http://doi.org/10.1146/annurev-biophys-052118-115308
http://www.ncbi.nlm.nih.gov/pubmed/30943044
http://doi.org/10.1016/j.cell.2009.08.005
http://doi.org/10.1146/annurev-biochem-060815-014352
http://www.ncbi.nlm.nih.gov/pubmed/28301740
http://doi.org/10.1038/nrm2959
http://doi.org/10.1016/j.tcb.2014.12.001
http://www.ncbi.nlm.nih.gov/pubmed/25542066
http://doi.org/10.1515/hsz-2020-0101
http://doi.org/10.1038/s41421-021-00252-7
http://www.ncbi.nlm.nih.gov/pubmed/33846286
http://doi.org/10.1016/S0968-0004(01)01938-7
http://www.ncbi.nlm.nih.gov/pubmed/11590012
http://doi.org/10.3390/ijms151223090
http://doi.org/10.1021/acs.jpcb.0c04846
http://www.ncbi.nlm.nih.gov/pubmed/32790396
http://doi.org/10.1038/nrm.2017.7
http://doi.org/10.1146/annurev-cellbio-100913-013325
http://www.ncbi.nlm.nih.gov/pubmed/25288112
http://doi.org/10.3390/pharmaceutics15020324
http://www.ncbi.nlm.nih.gov/pubmed/36839653
http://doi.org/10.1002/biot.200900218
http://doi.org/10.1002/anie.200902672
http://doi.org/10.1016/j.cbpa.2015.08.009
http://doi.org/10.1016/j.jconrel.2015.10.038
http://doi.org/10.1038/nbt.1588
http://www.ncbi.nlm.nih.gov/pubmed/19915550
http://doi.org/10.1093/protein/gzt023

Pharmaceutics 2023, 15, 987 27 of 32

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.
164.
165.
166.

167.

Varanko, A.K,; Su, J.C.; Chilkoti, A. Elastin-Like Polypeptides for Biomedical Applications. Annu. Rev. Biomed. Eng. 2020,
22,343-369. [CrossRef] [PubMed]

Pastan, I.; Hassan, R.; Fitzgerald, D.J.; Kreitman, R.J. Inmunotoxin therapy of cancer. Nat. Rev. Cancer 2006, 6, 559-565. [CrossRef]
[PubMed]

Kamaletdinova, T.R.; Rosenkranz, A.A.; Ulasov, A.V.; Khramtsov, Y.V.; Tsvetkova, A.D.; Georgiev, G.P.; Sobolev, A.S. Modular
Nanotransporter with P21 Fragment Inhibits DNA Repair after Bleomycin Treatment. Dokl. Biochem. Biophys. 2018, 479, 95-97.
[CrossRef] [PubMed]

Sobolev, A.S.; Jans, D.A.; Rosenkranz, A.A. Targeted intracellular delivery of photosensitizers. Prog. Biophys. Mol. Biol. 2000,
73,51-90. [CrossRef] [PubMed]

Rosenkranz, A.A.; Salomone, S.; Sobolev, A.S. Editorial: Delivery of Locally-Acting Agents to Intracellular Targets. Front.
Pharmacol. 2020, 11, 593064. [CrossRef]

Rosenkranz, A.A.; Jans, D.A.; Sobolev, A.S. Targeted intracellular delivery of photosensitizers to enhance photodynamic efficiency.
Immunol. Cell Biol. 2000, 78, 452-464. [CrossRef]

Gilyazova, D.G.; Rosenkranz, A.A.; Gulak, P.V,; Lunin, V.G,; Sergienko, O.V.; Khramtsov, Y.V.; Timofeyev, K.N.; Grin, M.A;
Mironov, A.F; Rubin, A.B.; et al. Targeting cancer cells by novel engineered modular transporters. Cancer Res. 2006, 66,
10534-10540. [CrossRef]

Rosenkranz, A.A.; Lunin, V.G.; Gulak, P.V,; Sergienko, O.V.; Shumiantseva, M.A.; Voronina, O.L.; Gilyazova, D.G.; John, A.P;
Kofner, A.A.; Mironov, A.F,; et al. Recombinant modular transporters for cell-specific nuclear delivery of locally acting drugs
enhance photosensitizer activity. FASEB J. 2003, 17, 1121-1123. [CrossRef]

Rosenkranz, A.A.; Vaidyanathan, G.; Pozzi, O.R.; Lunin, V.G.; Zalutsky, M.R.; Sobolev, A.S. Engineered modular recombinant
transporters: Application of new platform for targeted radiotherapeutic agents to alpha-particle emitting 211 At. Int. J. Radiat.
Oncol. Biol. Phys. 2008, 72, 193-200. [CrossRef]

Koumarianou, E.; Slastnikova, T.A.; Pruszynski, M.; Rosenkranz, A.A.; Vaidyanathan, G.; Sobolev, A.S.; Zalutsky, M.R. Radiola-
beling and in vitro evaluation of (67)Ga-NOTA-modular nanotransporter—a potential Auger electron emitting EGFR-targeted
radiotherapeutic. Nucl. Med. Biol. 2014, 41, 441-449. [CrossRef] [PubMed]

Slastnikova, T.A.; Rosenkranz, A.A.; Morozova, N.B.; Vorontsova, M.S.; Petriev, V.M.; Lupanova, T.N.; Ulasov, A.V.; Zalutsky,
M.R.; Yakubovskaya, R.I.; Sobolev, A.S. Preparation, cytotoxicity, and in vivo antitumor efficacy of (111)In-labeled modular
nanotransporters. Int. |. Nanomed. 2017, 12, 395-410. [CrossRef] [PubMed]

Slastnikova, T.A.; Koumarianou, E.; Rosenkranz, A.A.; Vaidyanathan, G.; Lupanova, T.N.; Sobolev, A.S.; Zalutsky, M.R. Modular
nanotransporters: A versatile approach for enhancing nuclear delivery and cytotoxicity of Auger electron-emitting 1251. EfNMMI
Res. 2012, 2, 59. [CrossRef]

Sobolev, A.S. Modular nanotransporters of anticancer drugs conferring cell specificity and higher efficiency. Biochemistry 2009,
74,1567-1574. [CrossRef]

Slastnikova, T.A.; Rosenkranz, A.A.; Lupanova, T.N.; Gulak, P.V.; Gnuchev, N.V.; Sobolev, A.S. Study of efficiency of the
modular nanotransporter for targeted delivery of photosensitizers to melanoma cell nuclei in vivo. Dokl. Biochem. Biophys. 2012,
446, 235-237. [CrossRef] [PubMed]

Slastnikova, T.A.; Rosenkranz, A.A.; Khramtsov, Y.V.; Karyagina, T.S.; Ovechko, S.A.; Sobolev, A.S. Development and evaluation
of a new modular nanotransporter for drug delivery into nuclei of pathological cells expressing folate receptors. Drug Des. Devel.
Ther. 2017, 11, 1315-1334. [CrossRef]

Desnoyers, L.R.; Vasiljeva, O.; Richardson, J.H.; Yang, A.; Menendez, E.E.; Liang, TW.; Wong, C.; Bessette, P.H.; Kamath, K,;
Moore, S.J.; et al. Tumor-specific activation of an EGFR-targeting probody enhances therapeutic index. Sci Transl. Med 2013,
5,207ral44. [CrossRef]

Mansurov, A.; Hosseinchi, P.; Chang, K.; Lauterbach, A.L.; Gray, L.T.; Alpar, A.T.; Budina, E.; Slezak, A ].; Kang, S.; Cao, S.; et al.
Masking the immunotoxicity of interleukin-12 by fusing it with a domain of its receptor via a tumour-protease-cleavable linker.
Nat. Biomed. Eng 2022, 6, 819-829. [CrossRef]

Trang, V.H.; Zhang, X.; Yumul, R.C.; Zeng, W.,; Stone, L].; Wo, S.W.; Dominguez, M.M.; Cochran, ].H.; Simmons, ] K.; Ryan, M.C,;
etal. A coiled-coil masking domain for selective activation of therapeutic antibodies. Nat. Biotechnol. 2019, 37, 761-765. [CrossRef]
Muttenthaler, M.; King, G.F.; Adams, D.].; Alewood, P.F. Trends in peptide drug discovery. Nat. Rev. Drug Discov. 2021, 20, 309-325.
[CrossRef] [PubMed]

Parray, H.A.; Shukla, S.; Samal, S.; Shrivastava, T.; Ahmed, S.; Sharma, C.; Kumar, R. Hybridoma technology a versatile method
for isolation of monoclonal antibodies, its applicability across species, limitations, advancement and future perspectives. Int.
Immunopharmacol. 2020, 85, 106639. [CrossRef]

Shipunova, V.O.; Deyev, S.M. Artificial Scaffold Polypeptides As an Efficient Tool for the Targeted Delivery of Nanostructures In
Vitro and In Vivo. Acta Nat. 2022, 14, 54-72. [CrossRef] [PubMed]

Mullard, A. FDA approves 100th monoclonal antibody product. Nat. Rev. Drug Discov. 2021, 20, 491-495. [CrossRef] [PubMed]
Kaplon, H.; Chenoweth, A_; Crescioli, S.; Reichert, ].M. Antibodies to watch in 2022. MAbs. 2022, 14, 2014296. [CrossRef]

Hay, M.; Thomas, D.W.; Craighead, J.L.; Economides, C.; Rosenthal, J. Clinical development success rates for investigational
drugs. Nat. Biotechnol. 2014, 32, 40-51. [CrossRef]

Urquhart, L. Top companies and drugs by sales in 2019. Nat. Rev. Drug Discov. 2020, 19, 228. [CrossRef]


http://doi.org/10.1146/annurev-bioeng-092419-061127
http://www.ncbi.nlm.nih.gov/pubmed/32343908
http://doi.org/10.1038/nrc1891
http://www.ncbi.nlm.nih.gov/pubmed/16794638
http://doi.org/10.1134/S1607672918020114
http://www.ncbi.nlm.nih.gov/pubmed/29779106
http://doi.org/10.1016/S0079-6107(00)00002-X
http://www.ncbi.nlm.nih.gov/pubmed/10781829
http://doi.org/10.3389/fphar.2020.593064
http://doi.org/10.1046/j.1440-1711.2000.00925.x
http://doi.org/10.1158/0008-5472.CAN-06-2393
http://doi.org/10.1096/fj.02-0888fje
http://doi.org/10.1016/j.ijrobp.2008.05.055
http://doi.org/10.1016/j.nucmedbio.2014.03.026
http://www.ncbi.nlm.nih.gov/pubmed/24776093
http://doi.org/10.2147/IJN.S125359
http://www.ncbi.nlm.nih.gov/pubmed/28138237
http://doi.org/10.1186/2191-219X-2-59
http://doi.org/10.1134/S0006297909130094
http://doi.org/10.1134/S1607672912050146
http://www.ncbi.nlm.nih.gov/pubmed/23132717
http://doi.org/10.2147/DDDT.S127270
http://doi.org/10.1126/scitranslmed.3006682
http://doi.org/10.1038/s41551-022-00888-0
http://doi.org/10.1038/s41587-019-0135-x
http://doi.org/10.1038/s41573-020-00135-8
http://www.ncbi.nlm.nih.gov/pubmed/33536635
http://doi.org/10.1016/j.intimp.2020.106639
http://doi.org/10.32607/actanaturae.11545
http://www.ncbi.nlm.nih.gov/pubmed/35441046
http://doi.org/10.1038/d41573-021-00079-7
http://www.ncbi.nlm.nih.gov/pubmed/33953368
http://doi.org/10.1080/19420862.2021.2014296
http://doi.org/10.1038/nbt.2786
http://doi.org/10.1038/d41573-020-00047-7

Pharmaceutics 2023, 15, 987 28 of 32

168.

169.
170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Dang, C.V.; Reddy, E.P,; Shokat, K.M.; Soucek, L. Drugging the "'undruggable’ cancer targets. Nat. Rev. Cancer 2017, 17, 502-508.
[CrossRef]

Ulasov, A.V.; Rosenkranz, A.A.; Sobolev, A.S. Transcription factors: Time to deliver. J. Control. Release 2018, 269, 24-35. [CrossRef]
Stahl, S.; Graslund, T.; Eriksson, K.A.; Frejd, EY.; Nygren, P.A.; Lofblom, J. Affibody Molecules in Biotechnological and Medical
Applications. Trends Biotechnol. 2017, 35, 691-712. [CrossRef] [PubMed]

Deuschle, EC.; Ilyukhina, E.; Skerra, A. Anticalin(R) proteins: From bench to bedside. Expert. Opin. Biol. Ther. 2021, 21, 509-518.
[CrossRef]

Pluckthun, A. Designed ankyrin repeat proteins (DARPins): Binding proteins for research, diagnostics, and therapy. Annu. Rev.
Pharmacol. Toxicol. 2015, 55, 489-511. [CrossRef]

Kintzing, J.R.; Cochran, J.R. Engineered knottin peptides as diagnostics, therapeutics, and drug delivery vehicles. Curr. Opin.
Chem. Biol. 2016, 34, 143-150. [CrossRef]

Chandler, P.G.; Buckle, A.M. Development and Differentiation in Monobodies Based on the Fibronectin Type 3 Domain. Cells
2020, 9, 610. [CrossRef] [PubMed]

Yu, X,; Yang, Y.P.; Dikici, E.; Deo, S.K.; Daunert, S. Beyond Antibodies as Binding Partners: The Role of Antibody Mimetics in
Bioanalysis. Annu. Rev. Anal. Chem. 2017, 10, 293-320. [CrossRef] [PubMed]

Cunningham, D.; Humblet, Y.; Siena, S.; Khayat, D.; Bleiberg, H.; Santoro, A.; Bets, D.; Mueser, M.; Harstrick, A.; Verslype, C.;
et al. Cetuximab monotherapy and cetuximab plus irinotecan in irinotecan-refractory metastatic colorectal cancer. N. Engl. ]. Med.
2004, 351, 337-345. [CrossRef]

Suter, TM.; Procter, M.; van Veldhuisen, D.J.; Muscholl, M.; Bergh, J.; Carlomagno, C.; Perren, T.; Passalacqua, R.; Bighin, C,;
Klijn, J.G.; et al. Trastuzumab-associated cardiac adverse effects in the herceptin adjuvant trial. J. Clin. Oncol. 2007, 25, 3859-3865.
[CrossRef]

Nordberg, E.; Ekerljung, L.; Sahlberg, S.H.; Carlsson, J.; Lennartsson, J.; Glimelius, B. Effects of an EGFR-binding affibody
molecule on intracellular signaling pathways. Int. J. Oncol. 2010, 36, 967-972.

Baumdick, M.; Bruggemann, Y.; Schmick, M.; Xouri, G.; Sabet, O.; Davis, L.; Chin, ].W.; Bastiaens, PI. EGF-dependent re-routing
of vesicular recycling switches spontaneous phosphorylation suppression to EGFR signaling. Elife. 2015, 4, e12223. [CrossRef]
[PubMed]

Andreone, B.J.; Chow, B.W,; Tata, A.; Lacoste, B.; Ben-Zvi, A.; Bullock, K.; Deik, A.A.; Ginty, D.D.; Clish, C.B.; Gu, C. Blood-Brain
Barrier Permeability Is Regulated by Lipid Transport-Dependent Suppression of Caveolae-Mediated Transcytosis. Neuron 2017,
94, 581-594. [CrossRef]

Arredouani, M.S.; Palecanda, A.; Koziel, H.; Huang, Y.C.; Imrich, A.; Sulahian, TH.; Ning, Y.Y.; Yang, Z.; Pikkarainen, T.; Sankala,
M.; et al. MARCO is the major binding receptor for unopsonized particles and bacteria on human alveolar macrophages. J.
Immunol. 2005, 175, 6058—6064. [CrossRef]

Chaudhary, N.; Gomez, G.A.; Howes, M.T.; Lo, H.P.; McMahon, K.A_; Rae, J.A.; Schieber, N.L.; Hill, M.M.; Gaus, K.; Yap, A.S.; et al.
Endocytic crosstalk: Cavins, caveolins, and caveolae regulate clathrin-independent endocytosis. PLoS Biol. 2014, 12, e1001832.
[CrossRef]

He, W,; Xing, X.; Wang, X.; Wu, D.; Wu, W.; Guo, ].; Mitragotri, S. Nanocarrier-mediated cytosolic delivery of biopharmaceuticals.
Adv. Funct. Mat. 2020, 30, 1910566. [CrossRef]

Fu, A; Tang, R.; Hardie, J.; Farkas, M.E.; Rotello, V.M. Promises and pitfalls of intracellular delivery of proteins. Bioconjug. Chem.
2014, 25, 1602-1608. [CrossRef]

Lee, YW.,; Luther, D.C.; Kretzmann, J.A.; Burden, A.; Jeon, T.; Zhai, S.; Rotello, V.M. Protein Delivery into the Cell Cytosol using
Non-Viral Nanocarriers. Theranostics 2019, 9, 3280-3292. [CrossRef]

Rosenkranz, A.A.; Ulasov, A.V,; Slastnikova, T.A.; Khramtsov, Y.V.; Sobolev, A.S. Use of intracellular transport processes for
targeted drug delivery into a specified cellular compartment. Biochemistry 2014, 79, 928-946. [CrossRef] [PubMed]

Brock, D.J.; Kondow-McConaghy, H.M.; Hager, E.C.; Pellois, ].P. Endosomal Escape and Cytosolic Penetration of Macromolecules
Mediated by Synthetic Delivery Agents. Bioconjug. Chem. 2019, 30, 293-304. [CrossRef] [PubMed]

Varkouhi, A.K.; Scholte, M.; Storm, G.; Haisma, H.J. Endosomal escape pathways for delivery of biologicals. J. Control. Release
2011, 151, 220-228. [CrossRef]

Volta-Duran, E.; Parlade, E.; Serna, N.; Villaverde, A.; Vazquez, E.; Unzueta, U. Endosomal escape for cell-targeted proteins.
Going out after going in. Biotechnol. Adv. 2023, 63, 108103. [CrossRef]

Ahmad, A.; Khan, ].M.; Haque, S. Strategies in the design of endosomolytic agents for facilitating endosomal escape in
nanoparticles. Biochimie 2019, 160, 61-75. [CrossRef]

Kim, G.C.; Cheon, D.H,; Lee, Y. Challenge to overcome current limitations of cell-penetrating peptides. Biochim. Biophys. Acta
Proteins Proteom. 2021, 1869, 140604. [CrossRef] [PubMed]

Sahni, A.; Qian, Z.; Pei, D. Cell-Penetrating Peptides Escape the Endosome by Inducing Vesicle Budding and Collapse. ACS Chem.
Biol. 2020, 15, 2485-2492. [CrossRef]

Sobolev, A.S. Modular Nanotransporters for Nuclear-Targeted Delivery of Auger Electron Emitters. Front. Pharmacol. 2018, 9, 952.
[CrossRef]

Xu, E.; Saltzman, W.M.; Piotrowski-Daspit, A.S. Escaping the endosome: Assessing cellular trafficking mechanisms of non-viral
vehicles. J. Control. Release 2021, 335, 465—480. [CrossRef]


http://doi.org/10.1038/nrc.2017.36
http://doi.org/10.1016/j.jconrel.2017.11.004
http://doi.org/10.1016/j.tibtech.2017.04.007
http://www.ncbi.nlm.nih.gov/pubmed/28514998
http://doi.org/10.1080/14712598.2021.1839046
http://doi.org/10.1146/annurev-pharmtox-010611-134654
http://doi.org/10.1016/j.cbpa.2016.08.022
http://doi.org/10.3390/cells9030610
http://www.ncbi.nlm.nih.gov/pubmed/32143310
http://doi.org/10.1146/annurev-anchem-061516-045205
http://www.ncbi.nlm.nih.gov/pubmed/28375702
http://doi.org/10.1056/NEJMoa033025
http://doi.org/10.1200/JCO.2006.09.1611
http://doi.org/10.7554/eLife.12223
http://www.ncbi.nlm.nih.gov/pubmed/26609808
http://doi.org/10.1016/j.neuron.2017.03.043
http://doi.org/10.4049/jimmunol.175.9.6058
http://doi.org/10.1371/journal.pbio.1001832
http://doi.org/10.1002/adfm.201910566
http://doi.org/10.1021/bc500320j
http://doi.org/10.7150/thno.34412
http://doi.org/10.1134/S0006297914090090
http://www.ncbi.nlm.nih.gov/pubmed/25385020
http://doi.org/10.1021/acs.bioconjchem.8b00799
http://www.ncbi.nlm.nih.gov/pubmed/30462487
http://doi.org/10.1016/j.jconrel.2010.11.004
http://doi.org/10.1016/j.biotechadv.2023.108103
http://doi.org/10.1016/j.biochi.2019.02.012
http://doi.org/10.1016/j.bbapap.2021.140604
http://www.ncbi.nlm.nih.gov/pubmed/33453413
http://doi.org/10.1021/acschembio.0c00478
http://doi.org/10.3389/fphar.2018.00952
http://doi.org/10.1016/j.jconrel.2021.05.038

Pharmaceutics 2023, 15, 987 29 of 32

195.

196.
197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

Ahmad, A.; Khan, ].M. pH-sensitive endosomolytic peptides in gene and drug delivery: Endosomal escape and current challenges.
J. Drug Deliv. Sci. Technol. 2022, 76, 103786. [CrossRef]

Pei, D.; Buyanova, M. Overcoming Endosomal Entrapment in Drug Delivery. Bioconjug. Chem. 2019, 30, 273-283. [CrossRef]
Guidotti, G.; Brambilla, L.; Rossi, D. Cell-Penetrating Peptides: From Basic Research to Clinics. Trends Pharmacol. Sci. 2017,
38,406-424. [CrossRef]

Ruseska, I.; Zimmer, A. Internalization mechanisms of cell-penetrating peptides. Beilstein. ]. Nanotechnol. 2020, 11, 101-123.
[CrossRef] [PubMed]

Koren, E.; Torchilin, V.P. Cell-penetrating peptides: Breaking through to the other side. Trends Mol. Med. 2012, 18, 385-393.
[CrossRef]

Kauffman, W.B.; Fuselier, T.; He, J.; Wimley, W.C. Mechanism Matters: A Taxonomy of Cell Penetrating Peptides. Trends Biochem.
Sci. 2015, 40, 749-764. [CrossRef]

Murphy, ].R. Mechanism of diphtheria toxin catalytic domain delivery to the eukaryotic cell cytosol and the cellular factors that
directly participate in the process. Toxins 2011, 3, 294-308. [CrossRef] [PubMed]

Moayeri, M.; Leppla, S.H.; Vrentas, C.; Pomerantsev, A.P; Liu, S. Anthrax Pathogenesis. Annu. Rev. Microbiol. 2015, 69, 185-208.
[CrossRef] [PubMed]

Haug, G.; Leembhuis, J.; Tiemann, D.; Meyer, D.K.; Aktories, K.; Barth, H. The host cell chaperone Hsp90 is essential for
translocation of the binary Clostridium botulinum C2 toxin into the cytosol. J. Biol. Chem. 2003, 278, 32266-32274. [CrossRef]
Gerding, D.N.; Johnson, S.; Rupnik, M.; Aktories, K. Clostridium difficile binary toxin CDT: Mechanism, epidemiology, and
potential clinical importance. Gut Microbes 2014, 5, 15-27. [CrossRef] [PubMed]

Papatheodorou, P; Barth, H.; Minton, N.; Aktories, K. Cellular Uptake and Mode-of-Action of Clostridium difficile Toxins. Adv.
Exp. Med. Biol. 2018, 1050, 77-96.

Stiles, B.G.; Wigelsworth, D.].; Popoff, M.R.; Barth, H. Clostridial binary toxins: Iota and C2 family portraits. Front. Cell Infect.
Microbiol. 2011, 1, 11. [CrossRef] [PubMed]

Haywood, E.E.; Handy, N.B.; Lopez, ].W.; Ho, M.; Wilson, B.A. Insertion-trigger residues differentially modulate endosomal
escape by cytotoxic necrotizing factor toxins. J. Biol. Chem. 2021, 297, 101347. [CrossRef]

Gatsogiannis, C.; Merino, F.; Prumbaum, D.; Roderer, D.; Leidreiter, F.; Meusch, D.; Raunser, S. Membrane insertion of a Tc toxin
in near-atomic detail. Nat. Struct. Mol. Biol. 2016, 23, 884-890. [CrossRef] [PubMed]

Jiang, J.; Pentelute, B.L.; Collier, R.J.; Zhou, Z.H. Atomic structure of anthrax protective antigen pore elucidates toxin translocation.
Nature 2015, 521, 545-549. [CrossRef]

Kagan, B.L.; Finkelstein, A.; Colombini, M. Diphtheria toxin fragment forms large pores in phospholipid bilayer membranes.
Proc. Natl. Acad. Sci. USA 1981, 78, 4950-4954. [CrossRef]

Khramtsov, Y.V.; Rokitskaya, T.I.; Rosenkranz, A.A.; Trusov, G.A.; Gnuchev, N.V.; Antonenko, Y.N.; Sobolev, A.S. Modular
drug transporters with diphtheria toxin translocation domain form edged holes in lipid membranes. J. Control. Release 2008,
128, 241-247. [CrossRef]

Mondal, A K; Lata, K,; Singh, M.; Chatterjee, S.; Chauhan, A.; Puravankara, S.; Chattopadhyay, K. Cryo-EM elucidates mechanism
of action of bacterial pore-forming toxins. Biochim. Biophys. Acta Biomembr. 2022, 1864, 184013. [CrossRef]

Sharpe, J.C.; London, E. Diphtheria toxin forms pores of different sizes depending on its concentration in membranes: Probable
relationship to oligomerization. . Membr. Biol. 1999, 171, 209-221. [CrossRef]

Barth, H. Exploring the role of host cell chaperones/PPlases during cellular up-take of bacterial ADP-ribosylating toxins as basis
for novel pharmacological strategies to protect mammalian cells against these virulence factors. Naunyn Schmiedebergs Arch.
Pharmacol. 2011, 383, 237-245. [CrossRef]

Sly, W.S.; Fischer, H.D. The phosphomannosyl recognition system for intracellular and intercellular transport of lysosomal
enzymes. J. Cell Biochem. 1982, 18, 67-85. [CrossRef]

Auger, A.; Park, M.; Nitschke, F; Minassian, L.M.; Beilhartz, G.L.; Minassian, B.A.; Melnyk, R.A. Efficient Delivery of Structurally
Diverse Protein Cargo into Mammalian Cells by a Bacterial Toxin. Mol. Pharm. 2015, 12, 2962-2971. [CrossRef] [PubMed]

Li, W.; Nicol, F;; Szoka, F.C., Jr. GALA: A designed synthetic pH-responsive amphipathic peptide with applications in drug and
gene delivery. Adv. Drug Deliv. Rev. 2004, 56, 967-985. [CrossRef]

Lin, D.H.; Hoelz, A. The Structure of the Nuclear Pore Complex (An Update). Annu. Rev. Biochem. 2019, 88, 725-783. [CrossRef]
[PubMed]

Timney, B.L.; Raveh, B.; Mironska, R.; Trivedi, ] M.; Kim, S.J.; Russel, D.; Wente, S.R; Sali, A.; Rout, M.P. Simple rules for passive
diffusion through the nuclear pore complex. J. Cell Biol. 2016, 215, 57-76. [CrossRef]

Rosenkranz, A.A; Slastnikova, T.A.; Durymanov, M.O.; Georgiev, G.P,; Sobolev, A.S. Exploiting active nuclear import for efficient
delivery of Auger electron emitters into the cell nucleus. Int. |. Radiat. Biol. 2020, 99, 28-38. [CrossRef]

Keiko, L.H.; Hasegawa, S. Favorable tumor uptake and nuclear transport of Auger electrons by nuclear targeting with 111In-
trastuzumab in an intraperitoneal tumor mouse model. Nucl. Med. Commun. 2022, 43, 763-769. [CrossRef]

Hoang, B.; Reilly, RM.; Allen, C. Block copolymer micelles target Auger electron radiotherapy to the nucleus of HER2-positive
breast cancer cells. Biomacromolecules 2012, 13, 455-465. [CrossRef] [PubMed]

Cornelissen, B.; Vallis, K.A. Targeting the nucleus: An overview of Auger-electron radionuclide therapy. Curr. Drug Discov.
Technol. 2010, 7, 263-279. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jddst.2022.103786
http://doi.org/10.1021/acs.bioconjchem.8b00778
http://doi.org/10.1016/j.tips.2017.01.003
http://doi.org/10.3762/bjnano.11.10
http://www.ncbi.nlm.nih.gov/pubmed/31976201
http://doi.org/10.1016/j.molmed.2012.04.012
http://doi.org/10.1016/j.tibs.2015.10.004
http://doi.org/10.3390/toxins3030294
http://www.ncbi.nlm.nih.gov/pubmed/22069710
http://doi.org/10.1146/annurev-micro-091014-104523
http://www.ncbi.nlm.nih.gov/pubmed/26195305
http://doi.org/10.1074/jbc.M303980200
http://doi.org/10.4161/gmic.26854
http://www.ncbi.nlm.nih.gov/pubmed/24253566
http://doi.org/10.3389/fcimb.2011.00011
http://www.ncbi.nlm.nih.gov/pubmed/22919577
http://doi.org/10.1016/j.jbc.2021.101347
http://doi.org/10.1038/nsmb.3281
http://www.ncbi.nlm.nih.gov/pubmed/27571177
http://doi.org/10.1038/nature14247
http://doi.org/10.1073/pnas.78.8.4950
http://doi.org/10.1016/j.jconrel.2008.03.011
http://doi.org/10.1016/j.bbamem.2022.184013
http://doi.org/10.1007/s002329900572
http://doi.org/10.1007/s00210-010-0581-y
http://doi.org/10.1002/jcb.1982.240180107
http://doi.org/10.1021/acs.molpharmaceut.5b00233
http://www.ncbi.nlm.nih.gov/pubmed/26103531
http://doi.org/10.1016/j.addr.2003.10.041
http://doi.org/10.1146/annurev-biochem-062917-011901
http://www.ncbi.nlm.nih.gov/pubmed/30883195
http://doi.org/10.1083/jcb.201601004
http://doi.org/10.1080/09553002.2020.1815889
http://doi.org/10.1097/MNM.0000000000001571
http://doi.org/10.1021/bm201479t
http://www.ncbi.nlm.nih.gov/pubmed/22191486
http://doi.org/10.2174/157016310793360657
http://www.ncbi.nlm.nih.gov/pubmed/21034408

Pharmaceutics 2023, 15, 987 30 of 32

224.

225.

226.

227.

228.

229.

230.

231.
232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.
244.

245.

246.

247.

248.

249.

250.
251.

252.

Karyagina, T.S.; Ulasov, A.V,; Slastnikova, T.A.; Rosenkranz, A.A.; Lupanova, T.N.; Khramtsov, Y.V.; Georgiev, G.P,; Soboleyv,
AS. Targeted Delivery of (111)In Into the Nuclei of EGFR Overexpressing Cells via Modular Nanotransporters With Anti-EGFR
Affibody. Front. Pharmacol. 2020, 11, 176. [CrossRef]

Wu, Z.Y,; Shen, ] M,; Lang, H.; Yue, T,; Sun, C. pH/enzyme dual sensitive and nucleus-targeting dendrimer nanoparticles to
enhance the antitumour activity of doxorubicin. Pharm. Dev. Technol. 2022, 27, 357-371. [CrossRef]

Pouton, C.W.; Wagstaff, K.M.; Roth, D.M.; Moseley, G.W.; Jans, D.A. Targeted delivery to the nucleus. Adv. Drug Deliv. Rev. 2007,
59, 698-717. [CrossRef]

Luby-Phelps, K. The physical chemistry of cytoplasm and its influence on cell function: An update. Mol. Biol. Cell 2013,
24,2593-2596. [CrossRef] [PubMed]

Mogre, S.; Brown, A.IL; Koslover, E.F. Getting around the cell: Physical transport in the intracellular world. Phys. Biol. 2020,
17,061003. [CrossRef]

Dalmau-Mena, I; Del, PP; Pelaz, B.; Cuesta-Geijo, M.A.; Galindo, I.; Moros, M.; de la Fuente, ].M.; Alonso, C. Nanoparticles
engineered to bind cellular motors for efficient delivery. J. Nanobiotechnology 2018, 16, 33. [CrossRef]

Moseley, G.W.; Roth, D.M.; DeJesus, M.A; Leyton, D.L.; Filmer, R.P.; Pouton, C.W.; Jans, D.A. Dynein light chain association
sequences can facilitate nuclear protein import. Mol. Biol. Cell 2007, 18, 3204-3213. [CrossRef]

Fox, T.D. Mitochondrial protein synthesis, import, and assembly. Genetics 2012, 192, 1203-1234. [CrossRef]

Lu, P; Bruno, B.J.; Rabenau, M.; Lim, C.S. Delivery of drugs and macromolecules to the mitochondria for cancer therapy. J.
Control. Release 2016, 240, 38-51. [CrossRef]

Nicolas, E.; Tricarico, R.; Savage, M.; Golemis, E.A.; Hall, M.]. Disease-Associated Genetic Variation in Human Mitochondrial
Protein Import. Am. J. Hum. Genet. 2019, 104, 784-801. [CrossRef] [PubMed]

Moulin, C.; Caumont-Sarcos, A.; Ieva, R. Mitochondrial presequence import: Multiple regulatory knobs fine-tune mitochondrial
biogenesis and homeostasis. Biochim. Biophys. Acta Mol. Cell Res. 2019, 1866, 930-944. [CrossRef]

Edwards, R.; Gerlich, S.; Tokatlidis, K. The biogenesis of mitochondrial intermembrane space proteins. Biol. Chem. 2020,
401, 737-747.

Edwards, R.; Eaglesfield, R.; Tokatlidis, K. The mitochondrial intermembrane space: The most constricted mitochondrial
sub-compartment with the largest variety of protein import pathways. Open. Biol. 2021, 11, 210002. [CrossRef]

Song, J.; Herrmann, J.M.; Becker, T. Quality control of the mitochondrial proteome. Nat. Rev. Mol. Cell Biol. 2021, 22, 54-70.
[CrossRef] [PubMed]

Bykov, Y.S.; Rapaport, D.; Herrmann, ].M.; Schuldiner, M. Cytosolic Events in the Biogenesis of Mitochondrial Proteins. Trends
Biochem. Sci. 2020, 45, 650-667. [CrossRef]

Yamada, Y.; Hibino, M.; Sasaki, D.; Abe, ]J.; Harashima, H. Power of mitochondrial drug delivery systems to produce innovative
nanomedicines. Adv. Drug Deliv. Rev. 2020, 154-155, 187-209. [CrossRef]

Cerrato, C.P,; Langel, U. An update on cell-penetrating peptides with intracellular organelle targeting. Expert Opin. Drug Deliv.
2022, 19, 133-146. [CrossRef] [PubMed]

Jean, S.R.; Ahmed, M,; Lei, E.K,; Wisnovsky, S.P; Kelley, 5.0. Peptide-Mediated Delivery of Chemical Probes and Therapeutics to
Mitochondria. Acc. Chem. Res. 2016, 49, 1893-1902. [CrossRef]

Kim, S.; Nam, H.Y;; Lee, J.; Seo, J. Mitochondrion-Targeting Peptides and Peptidomimetics: Recent Progress and Design Principles.
Biochemistry 2020, 59, 270-284. [CrossRef]

Fulda, S.; Galluzzi, L.; Kroemer, G. Targeting mitochondria for cancer therapy. Nat. Rev. Drug Discov. 2010, 9, 447-464. [CrossRef]
Kim, PK.; Hettema, E.H. Multiple pathways for protein transport to peroxisomes. J. Mol. Biol. 2015, 427 6 Pt A, 1176-1190.
[CrossRef]

Islinger, M.; Voelkl, A.; Fahimi, H.D.; Schrader, M. The peroxisome: An update on mysteries 2.0. Histochem. Cell Biol. 2018,
150, 443-471. [CrossRef]

Terlecky, S.R.; Koepke, ].I. Drug delivery to peroxisomes: Employing unique trafficking mechanisms to target protein therapeutics.
Adv. Drug Deliv. Rev. 2007, 59, 739-747. [CrossRef]

Roncador, A.; Oppici, E.; Talelli, M.; Pariente, A.N.; Donini, M.; Dusi, S.; Voltattorni, C.B.; Vicent, M.].; Cellini, B. Use of polymer
conjugates for the intraperoxisomal delivery of engineered human alanine:glyoxylate aminotransferase as a protein therapy for
primary hyperoxaluria type I. Nanomedicine 2017, 13, 897-907. [CrossRef]

Sugiman-Marangos, S.N.; Beilhartz, G.L.; Zhao, X.; Zhou, D.; Hua, R.; Kim, PK,; Rini, ].M.; Minassian, B.A.; Melnyk, R.A.
Exploiting the diphtheria toxin internalization receptor enhances delivery of proteins to lysosomes for enzyme replacement
therapy. Sci. Adv. 2020, 6, eabb0385. [CrossRef]

Gary-Bobo, M.; Nirde, P,; Jeanjean, A.; Morere, A.; Garcia, M. Mannose 6-phosphate receptor targeting and its applications in
human diseases. Curr. Med. Chem. 2007, 14, 2945-2953. [CrossRef]

Stenmark, H. Rab GTPases as coordinators of vesicle traffic. Nat. Rev. Mol. Cell Biol. 2009, 10, 513-525. [CrossRef]

Progida, C.; Bakke, O. Bidirectional traffic between the Golgi and the endosomes-machineries and regulation. J. Cell Sci. 2016,
129, 3971-3982. [CrossRef] [PubMed]

Tu, Y.; Zhao, L.; Billadeau, D.D.; Jia, D. Endosome-to-TGN Trafficking: Organelle-Vesicle and Organelle-Organelle Interactions.
Front. Cell Dev. Biol. 2020, 8, 163. [CrossRef]


http://doi.org/10.3389/fphar.2020.00176
http://doi.org/10.1080/10837450.2022.2055569
http://doi.org/10.1016/j.addr.2007.06.010
http://doi.org/10.1091/mbc.e12-08-0617
http://www.ncbi.nlm.nih.gov/pubmed/23989722
http://doi.org/10.1088/1478-3975/aba5e5
http://doi.org/10.1186/s12951-018-0354-1
http://doi.org/10.1091/mbc.e07-01-0030
http://doi.org/10.1534/genetics.112.141267
http://doi.org/10.1016/j.jconrel.2015.10.023
http://doi.org/10.1016/j.ajhg.2019.03.019
http://www.ncbi.nlm.nih.gov/pubmed/31051112
http://doi.org/10.1016/j.bbamcr.2019.02.012
http://doi.org/10.1098/rsob.210002
http://doi.org/10.1038/s41580-020-00300-2
http://www.ncbi.nlm.nih.gov/pubmed/33093673
http://doi.org/10.1016/j.tibs.2020.04.001
http://doi.org/10.1016/j.addr.2020.09.010
http://doi.org/10.1080/17425247.2022.2034784
http://www.ncbi.nlm.nih.gov/pubmed/35086398
http://doi.org/10.1021/acs.accounts.6b00277
http://doi.org/10.1021/acs.biochem.9b00857
http://doi.org/10.1038/nrd3137
http://doi.org/10.1016/j.jmb.2015.02.005
http://doi.org/10.1007/s00418-018-1722-5
http://doi.org/10.1016/j.addr.2007.06.005
http://doi.org/10.1016/j.nano.2016.12.011
http://doi.org/10.1126/sciadv.abb0385
http://doi.org/10.2174/092986707782794005
http://doi.org/10.1038/nrm2728
http://doi.org/10.1242/jcs.185702
http://www.ncbi.nlm.nih.gov/pubmed/27802132
http://doi.org/10.3389/fcell.2020.00163

Pharmaceutics 2023, 15, 987 31 of 32

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.
264.

265.

266.

267.

268.

269.

270.

271.

272.

273.
274.

275.

276.

277.

278.

279.

280.

281.

Ghosh, P.; Dahms, N.M.; Kornfeld, S. Mannose 6-phosphate receptors: New twists in the tale. Nat. Rev. Mol. Cell Biol. 2003,
4,202-212. [CrossRef]

Lane, R.F.; St George-Hyslop, P.; Hempstead, B.L.; Small, S.A ; Strittmatter, S.M.; Gandy, S. Vps10 family proteins and the retromer
complex in aging-related neurodegeneration and diabetes. J. Neurosci. 2012, 32, 14080-14086. [CrossRef]

Braun, E.; Sauter, D. Furin-mediated protein processing in infectious diseases and cancer. Clin. Transl. Immunol. 2019, 8, €1073.
[CrossRef]

Sowa-Rogozinska, N.; Sominka, H.; Nowakowska-Golacka, J.; Sandvig, K.; Slominska-Wojewodzka, M. Intracellular Transport
and Cytotoxicity of the Protein Toxin Ricin. Toxins 2019, 11, 350. [CrossRef]

Sandvig, K.; Bergan, J.; Dyve, A.B.; Skotland, T.; Torgersen, M.L. Endocytosis and retrograde transport of Shiga toxin. Toxicon
2010, 56, 1181-1185. [CrossRef]

Wernick, N.L.; Chinnapen, D.].; Cho, J.A.; Lencer, W.I. Cholera toxin: An intracellular journey into the cytosol by way of the
endoplasmic reticulum. Toxins 2010, 2, 310-325. [CrossRef]

Beddoe, T.; Paton, A.W.; Le, N.J.; Rossjohn, ].; Paton, J.C. Structure, biological functions and applications of the AB5 toxins. Trends
Biochem. Sci. 2010, 35, 411-418. [CrossRef]

Zhang, M.; Xu, N.; Xu, W,; Ling, G.; Zhang, P. Potential therapies and diagnosis based on Golgi-targeted nano drug delivery
systems. Pharmacol. Res. 2022, 175, 105861. [CrossRef]

Thomas, L.L.; Fromme, ].C. Extensive GTPase crosstalk regulates Golgi trafficking and maturation. Curr. Opin. Cell Biol. 2020,
65, 1-7. [CrossRef] [PubMed]

Lujan, P.; Campelo, F. Should I stay or should I go? Golgi membrane spatial organization for protein sorting and retention. Arch.
Biochem. Biophys. 2021, 707, 108921. [CrossRef] [PubMed]

Papanikou, E.; Glick, B.S. Golgi compartmentation and identity. Curr. Opin. Cell Biol. 2014, 29, 74-81. [CrossRef]

Tu, L.; Tai, W.C.; Chen, L.; Banfield, D.K. Signal-mediated dynamic retention of glycosyltransferases in the Golgi. Science 2008,
321, 404-407. [CrossRef] [PubMed]

Guo, Y,; Sirkis, D.W.; Schekman, R. Protein sorting at the trans-Golgi network. Annu. Rev. Cell Dev. Biol. 2014, 30, 169-206.
[CrossRef] [PubMed]

Ford, C.; Parchure, A.; Von, B.J.; Burd, C.G. Cargo sorting at the trans-Golgi network at a glance. J. Cell Sci. 2021, 134, jcs259110.
[CrossRef]

Rizzo, R.; Parashuraman, S.; Mirabelli, P.; Puri, C.; Lucocq, J.; Luini, A. The dynamics of engineered resident proteins in the
mammalian Golgi complex relies on cisternal maturation. J. Cell Biol. 2013, 201, 1027-1036. [CrossRef]

Brauer, P; Parker, J.L.; Gerondopoulos, A.; Zimmermann, I.; Seeger, M.A.; Barr, FA.; Newstead, S. Structural basis for pH-
dependent retrieval of ER proteins from the Golgi by the KDEL receptor. Science 2019, 363, 1103-1107. [CrossRef]

Valm, A.M.; Cohen, S.; Legant, W.R.; Melunis, ]J.; Hershberg, U.; Wait, E.; Cohen, A.R.; Davidson, M.W.; Betzig, E.; Lippincott-
Schwartz, J. Applying systems-level spectral imaging and analysis to reveal the organelle interactome. Nature 2017, 546, 162-167.
[CrossRef]

Chen, G; Chen, J.; Liu, H.; Chen, S.; Zhang, Y; Li, P; Thierry-Mieg, D.; Thierry-Mieg, ].; Mattes, W.; Ning, B.; et al. Comprehensive
Identification and Characterization of Human Secretome Based on Integrative Proteomic and Transcriptomic Data. Front. Cell
Dev. Biol. 2019, 7, 299. [CrossRef]

Dobson, L.; Remenyi, I.; Tusnady, G.E. The human transmembrane proteome. Biol. Direct 2015, 10, 31. [CrossRef]

Pereira, F; Rettel, M.; Stein, E; Savitski, M.M.; Collinson, I.; Romisch, K. Effect of Sec61 interaction with Mpd1 on endoplasmic
reticulum-associated degradation. PLoS ONE 2019, 14, e0211180. [CrossRef]

Romisch, K. A case for Sec61 channel involvement in ERAD. Trends Biochem. Sci. 2017, 42, 171-179. [CrossRef]

Schoebel, S.; Mi, W.; Stein, A.; Ovchinnikov, S.; Pavlovicz, R.; DiMaio, F.; Baker, D.; Chambers, M.G.; Su, H.; Li, D.; et al. Cryo-EM
structure of the protein-conducting ERAD channel Hrd1 in complex with Hrd3. Nature 2017, 548, 352-355. [CrossRef]

Rao, B.; Li, S; Yao, D.; Wang, Q.; Xia, Y,; Jia, Y.; Shen, Y.; Cao, Y. The cryo-EM structure of an ERAD protein channel formed by
tetrameric human Derlin-1. Sci. Adv. 2021, 7, eabe8591. [CrossRef] [PubMed]

Wu, X.; Siggel, M.; Ovchinnikov, S.; Mi, W.; Svetlov, V.; Nudler, E.; Liao, M.; Hummer, G.; Rapoport, T.A. Structural basis of
ER-associated protein degradation mediated by the Hrd1 ubiquitin ligase complex. Science 2020, 368, eaaz2449. [CrossRef]
[PubMed]

Hwang, J.; Qi, L. Quality Control in the Endoplasmic Reticulum: Crosstalk between ERAD and UPR pathways. Trends Biochem.
Sci. 2018, 43, 593-605. [CrossRef]

Guerriero, C.J.; Brodsky, J.L. The delicate balance between secreted protein folding and endoplasmic reticulum-associated
degradation in human physiology. Physiol. Rev. 2012, 92, 537-576. [CrossRef] [PubMed]

Rosenkranz, A.A; Slastnikova, T.A. Epidermal Growth Factor Receptor: Key to Selective Intracellular Delivery. Biochemistry 2020,
85,967-1092. [CrossRef]

Maisel, S.A.; Schroeder, J. Wrong place at the wrong time: How retrograde trafficking drives cancer metastasis through receptor
mislocalization. J. Cancer Metastasis Treat. 2019, 5, 7. [CrossRef]

Cho, J.A.; Chinnapen, D.J.; Aamar, E.; te Welscher, Y.M.; Lencer, W.I,; Massol, R. Insights on the trafficking and retro-translocation
of glycosphingolipid-binding bacterial toxins. Front. Cell Infect. Microbiol. 2012, 2, 51. [CrossRef] [PubMed]


http://doi.org/10.1038/nrm1050
http://doi.org/10.1523/JNEUROSCI.3359-12.2012
http://doi.org/10.1002/cti2.1073
http://doi.org/10.3390/toxins11060350
http://doi.org/10.1016/j.toxicon.2009.11.021
http://doi.org/10.3390/toxins2030310
http://doi.org/10.1016/j.tibs.2010.02.003
http://doi.org/10.1016/j.phrs.2021.105861
http://doi.org/10.1016/j.ceb.2020.01.014
http://www.ncbi.nlm.nih.gov/pubmed/32143122
http://doi.org/10.1016/j.abb.2021.108921
http://www.ncbi.nlm.nih.gov/pubmed/34038703
http://doi.org/10.1016/j.ceb.2014.04.010
http://doi.org/10.1126/science.1159411
http://www.ncbi.nlm.nih.gov/pubmed/18635803
http://doi.org/10.1146/annurev-cellbio-100913-013012
http://www.ncbi.nlm.nih.gov/pubmed/25150009
http://doi.org/10.1242/jcs.259110
http://doi.org/10.1083/jcb.201211147
http://doi.org/10.1126/science.aaw2859
http://doi.org/10.1038/nature22369
http://doi.org/10.3389/fcell.2019.00299
http://doi.org/10.1186/s13062-015-0061-x
http://doi.org/10.1371/journal.pone.0211180
http://doi.org/10.1016/j.tibs.2016.10.005
http://doi.org/10.1038/nature23314
http://doi.org/10.1126/sciadv.abe8591
http://www.ncbi.nlm.nih.gov/pubmed/33658201
http://doi.org/10.1126/science.aaz2449
http://www.ncbi.nlm.nih.gov/pubmed/32327568
http://doi.org/10.1016/j.tibs.2018.06.005
http://doi.org/10.1152/physrev.00027.2011
http://www.ncbi.nlm.nih.gov/pubmed/22535891
http://doi.org/10.1134/S0006297920090011
http://doi.org/10.20517/2394-4722.2018.82
http://doi.org/10.3389/fcimb.2012.00051
http://www.ncbi.nlm.nih.gov/pubmed/22919642

Pharmaceutics 2023, 15, 987 32 of 32

282.

283.
284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

Nowakowska-Golacka, J.; Sominka, H.; Sowa-Rogozinska, N.; Slominska-Wojewodzka, M. Toxins Utilize the Endoplasmic
Reticulum-Associated Protein Degradation Pathway in Their Intoxication Process. Int. J. Mol. Sci. 2019, 20, 1307. [CrossRef]
Teter, K. Intracellular Trafficking and Translocation of Pertussis Toxin. Toxins 2019, 11, 437. [CrossRef] [PubMed]

Johnson, N.; Powis, K.; High, S. Post-translational translocation into the endoplasmic reticulum. Biochim. Biophys. Acta 2013,
1833, 2403-2409. [CrossRef] [PubMed]

Luginbuehl, V.; Meier, N.; Kovar, K.; Rohrer, J. Intracellular drug delivery: Potential usefulness of engineered Shiga toxin subunit
B for targeted cancer therapy. Biotechnol. Adv. 2018, 36, 613-623. [CrossRef]

Kakimoto, S.; Hamada, T.; Komatsu, Y.; Takagi, M.; Tanabe, T.; Azuma, H.; Shinkai, S.; Nagasaki, T. The conjugation of diphtheria
toxin T domain to poly(ethylenimine) based vectors for enhanced endosomal escape during gene transfection. Biomaterials 2009,
30, 402-408. [CrossRef]

Vargason, A.M.; Anselmo, A.C.; Mitragotri, S. The evolution of commercial drug delivery technologies. Nat. Biomed. Eng. 2021,
5,951-967. [CrossRef]

Shilova, O.; Kotelnikova, P.; Proshkina, G.; Shramova, E.; Deyev, S. Barnase-Barstar Pair: Contemporary Application in Cancer
Research and Nanotechnology. Molecules 2021, 26, 6785. [CrossRef]

Shim, H. Bispecific Antibodies and Antibody-Drug Conjugates for Cancer Therapy: Technological Considerations. Biomolecules
2020, 10, 360. [CrossRef]

Taylor, R.J.; Geeson, M.B.; Journeaux, T.; Bernardes, G.J.L. Chemical and Enzymatic Methods for Post-Translational Protein-Protein
Conjugation. J. Am. Chem. Soc. 2022, 144, 14404-14419. [CrossRef] [PubMed]

Ta, D.T.; Redeker, E.S.; Billen, B.; Reekmans, G.; Sikulu, J.; Noben, J.P.; Guedens, W.; Adriaensens, P. An efficient protocol towards
site-specifically clickable nanobodies in high yield: Cytoplasmic expression in Escherichia coli combined with intein-mediated
protein ligation. Protein Eng. Des. Sel. 2015, 28, 351-363. [CrossRef]

Grahn, A K,; Miller, C.J.; Kay, B.K. Plug and play with recombinant antibody fragments. Cell Chem. Biol. 2021, 28, 745-747.
[CrossRef] [PubMed]

Pearce, R.; Zhang, Y. Toward the solution of the protein structure prediction problem. . Biol. Chem. 2021, 297, 100870. [CrossRef]
[PubMed]

Porta-Pardo, E.; Ruiz-Serra, V.; Valentini, S.; Valencia, A. The structural coverage of the human proteome before and after
AlphaFold. PLoS Comput. Biol. 2022, 18, €1009818. [CrossRef]

Jumper, J.; Evans, R.; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A.; Potapenko,
A.; et al. Highly accurate protein structure prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef]

Zhou, X.; Zheng, W.; Li, Y.; Pearce, R.; Zhang, C.; Bell, EW.; Zhang, G.; Zhang, Y. - TASSER-MTD: A deep-learning-based platform
for multi-domain protein structure and function prediction. Nat. Protoc. 2022, 17, 2326-2353. [CrossRef]

Evans, R.; O'Neill, M,; Pritzel, A.; Antropova, N.; Senior, A.; Green, T.; Zidek, A.; Bates, R.; Blackwell, S.; Yim, ]J. Protein complex
prediction with AlphaFold-Multimer. BioRxiv 2022, 2021-10.

Ruff, KM.; Pappu, R.V. AlphaFold and Implications for Intrinsically Disordered Proteins. J. Mol. Biol. 2021, 433, 167208. [PubMed]
Khramtsov, Y.V.; Vlasova, A.D.; Vlasov, A.V.; Rosenkranz, A.A.; Ulasov, A.V.; Ryzhykau, Y.L.; Kuklin, A.IL; Orekhov, A.S.; Eydlin,
L.B.; Georgiev, G.P; et al. Low-resolution structures of modular nanotransporters shed light on their functional activity. Acta
Crystallogr. D. Struct. Biol. 2020, 76 Pt 12,1270-1279. [CrossRef] [PubMed]

Luck, K.; Kim, D.K,; Lambourne, L.; Spirohn, K.; Begg, B.E.; Bian, W.; Brignall, R.; Cafarelli, T.; Campos-Laborie, E].; Charloteaux,
B.; et al. A reference map of the human binary protein interactome. Nature 2020, 580, 402—-408. [PubMed]

Huttlin, E.L.; Bruckner, R.J.; Navarrete-Perea, J.; Cannon, J.R.; Baltier, K.; Gebreab, F.; Gygi, M.P,; Thornock, A.; Zarraga, G.;
Tam, S.; et al. Dual proteome-scale networks reveal cell-specific remodeling of the human interactome. Cell 2021, 184, 3022-3040.
[CrossRef] [PubMed]

Kondratyeva, L.; Alekseenko, I.; Chernov, I.; Sverdlov, E. Data Incompleteness May form a Hard-to-Overcome Barrier to Decoding
Life’s Mechanism. Biology 2022, 11, 1208. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.3390/ijms20061307
http://doi.org/10.3390/toxins11080437
http://www.ncbi.nlm.nih.gov/pubmed/31349590
http://doi.org/10.1016/j.bbamcr.2012.12.008
http://www.ncbi.nlm.nih.gov/pubmed/23266354
http://doi.org/10.1016/j.biotechadv.2018.02.005
http://doi.org/10.1016/j.biomaterials.2008.09.042
http://doi.org/10.1038/s41551-021-00698-w
http://doi.org/10.3390/molecules26226785
http://doi.org/10.3390/biom10030360
http://doi.org/10.1021/jacs.2c00129
http://www.ncbi.nlm.nih.gov/pubmed/35912579
http://doi.org/10.1093/protein/gzv032
http://doi.org/10.1016/j.chembiol.2021.05.017
http://www.ncbi.nlm.nih.gov/pubmed/34143957
http://doi.org/10.1016/j.jbc.2021.100870
http://www.ncbi.nlm.nih.gov/pubmed/34119522
http://doi.org/10.1371/journal.pcbi.1009818
http://doi.org/10.1038/s41586-021-03819-2
http://doi.org/10.1038/s41596-022-00728-0
http://www.ncbi.nlm.nih.gov/pubmed/34418423
http://doi.org/10.1107/S2059798320013765
http://www.ncbi.nlm.nih.gov/pubmed/33263332
http://www.ncbi.nlm.nih.gov/pubmed/32296183
http://doi.org/10.1016/j.cell.2021.04.011
http://www.ncbi.nlm.nih.gov/pubmed/33961781
http://doi.org/10.3390/biology11081208
http://www.ncbi.nlm.nih.gov/pubmed/36009835

	Introduction 
	Specificity 
	Cell Specificity 
	Subcellular Specificity 

	Extracellular Obstacles to Intracellular Targets during Systemic Drug Administration 
	Extracellular Barriers: Interaction with Blood Proteins and Cells 
	Penetration through the Walls of Blood Vessels and Extracellular Matrix 

	Intracellular Targets and Barriers on the Way to Them 
	Macromolecular Delivery Systems 
	Properties of Macromolecular Delivery Systems Predetermined by Extracellular Barriers 
	Properties of Macromolecular Delivery Systems Predetermined by Active Principles 
	Combining Transport Functions in a Single Polypeptide Chain 

	Protein-Based Ligands for Intracellular Delivery 
	Use of Receptor-Mediated Endocytosis for Cell-Specific Drug Delivery 
	Branching Delivery Pathways for Endocytosed Drugs 
	Endosomes Acidification and Protein Drug Delivery 
	Drug Delivery into the Nucleus 
	Mitochondrial Drug Delivery 
	Peroxisomal Drug Delivery 
	Vesicular Transport to Intracellular Targets 

	Future Prospects 
	Conclusions 
	References

