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Abstract: Protein-based materials intended as nanostructured drugs or drug carriers are progressively
gaining interest in nanomedicine, since their structure, assembly and cellular interactivity can be
tailored by recruiting functional domains. The main bottleneck in the development of deliverable
protein materials is the lysosomal degradation that follows endosome maturation. This is especially
disappointing in the case of receptor-targeted protein constructs, which, while being highly promising
and in demand in precision medicines, enter cells via endosomal/lysosomal routes. In the search for
suitable protein agents that might promote endosome escape, we have explored the translocation do-
main (TD) of the diphtheria toxin as a functional domain in CXCR4-targeted oligomeric nanoparticles
designed for cancer therapies. The pharmacological interest of such protein materials could be largely
enhanced by improving their proteolytic stability. The incorporation of TD into the building blocks
enhances the amount of the material detected inside of exposed CXCR4* cells up to around 25-fold,
in absence of cytotoxicity. This rise cannot be accounted for by endosomal escape, since the lysosomal
degradation of the new construct decreases only moderately. On the other hand, a significant loss in
the specificity of the CXCR4-dependent cellular penetration indicates the unexpected role of the toxin
segment as a cell-penetrating peptide in a dose-dependent and receptor-independent fashion. These
data reveal that the diphtheria toxin TD displayed on receptor-targeted oligomeric nanoparticles
partially abolishes the exquisite receptor specificity of the parental material and it induces nonspecific
internalization in mammalian cells.

Keywords: recombinant proteins; nanoparticles; diphtheria toxin; self-assembling; cell-penetrating peptide

1. Introduction

Protein drugs benefit from the structural versatility and broad and multiple func-
tionality of natural polypeptides, whose activities cover most biological events in living
systems [1-3]. In addition, protein functions can be tuned by genetic engineering and
combined in single-chain modular proteins [4]. Therefore, apart from plain protein drugs,
such as insulin versions, interferons, hormones, antibodies and enzymes, the possibility to
combine, for instance, a cell-targeting domain and a cytotoxic protein in a single molecular
product is the basis for ongoing research in many clinical areas, especially in oncology [5].
In this context, fusion proteins can be designed to recruit complementing capabilities in
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multifunctional constructs [4,6], whose active segments are selected from the vast catalogue
of functional protein domains so far identified. Since proteins are produced at an industrial
scale as recombinant versions in a diversity of cell factories, protein drugs are progressively
increasing their presence in the list of approved pharmaceuticals [2,7-9].

Among the main obstacles for the use of drug proteins are their potential immunogenic-
ity (when from non-human sources) and the proteolytic degradation in the lysosomal com-
partment. De-immunization by site-directed mutagenesis and other engineering strategies
have allowed for a large reduction in immunotoxicities, such as the ones reported in several
interesting products [10-14]. However, lysosomal degradation remains the main bottleneck
in the design of effective protein drugs intended for intracellular activities [15-18]. Regard-
ing the emerging interest in receptor-mediated, cell-targeted drug delivery in oncology and
other fields (aimed to enhance specificity and to reduce non-desired side-effects) [19-21],
endosomal uptake of protein drugs results in the degradation of most of the internal-
ized product and in the consequent reduction of effectivity [15,18,22,23]. In this context,
endosomal-escape protein segments are desirable components of protein-based drugs.
Among these peptides, short amino acid sequences (for instance, histidine-rich peptides)
or more complex protein domains, some of them from pathogenic microorganisms, have
been explored and/or adapted with different levels of success to protein constructs aimed
at cell-targeted delivery [16,18,22,24,25]. In particular, the diphtheria toxin (DT) produced
by Corynebacterium diphtheriae kills mammalian cells by inactivating the elongation factor
EF-2 [26]. This protein exhibits a modular architecture (Figure 1A) in which the transloca-
tion domain (TD, also called T domain) plays a critical role in allowing the catalytic domain
(CD) to reach the cytosol from endosomal compartments [27,28]. At a late endosome acidic
pH, the DT TD undergoes conformational changes that drive its insertion in the endosomal
membrane, resulting in the formation of a small pore by which the CD is transported to
the cytosol. The DT TD has been used for the active translocation of protein modules to
the cytosol, proving its ability to assist in the membrane crossing of polypeptides different
from CD [29,30]. Although the precise mechanism by which proteins are translocated to
the cytosol by the DT TD is a controversial subject [31,32], the DT TD, free from the active
catalytic domain, it is an agent of potential interest in drug delivery [33,34]. In addition, as
far as we know, there are no existing reports about the potential role of TD in promoting
cell surface internalization previous to receptor-mediated endosomal uptake. We have
explored here the applicability of the DT TD as a functional component in self-assembling
protein-only nanoparticles targeted to the cell surface cytokine receptor CXCR4, which is a
relevant molecular marker for anti-cancer drug targeting [35-38]. The highly precise and
selective targeting is provided by the peptide T22, an exclusive ligand of CXCR4 [39-41].
This has been done through the incorporation of the TD into the well-characterized protein
T22-GFP-H6, which self-assembles as regular homo-oligomeric nanoparticles of 12 nm and
is used as a nanoscale drug vehicle in cancer therapies [42,43]. T22-GFP-H6 enters cells
via the surface-exposed cytokine receptor CXCR4, but it undergoes important lysosomal
degradation estimated to affect between 85-90% of the engulfed material [25]. While the
extent of protein destruction may only moderately affect the activities of attached conven-
tional chemical drugs, such as floxuridine, cytarabine or auristatin E [43—46], it might be
a limitation for the therapeutic outcome of protein-only pharmaceuticals [5], including
Heé-tagged versions with self-assembling properties [47].
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Figure 1. Modular organization of T22-empowered proteins. (A) Modular disposition and 3D models
of T22-GFP-TD-H6 and T22-DITOX-H6. T22-GFP-TD-H6 was engineered to mimic the CXCR4-
targeted toxin T22-DITOX-H6 through the replacement of the catalytic domain of the toxin (CD) by
the green fluorescent protein (GFP). The translocation domain (TD) was maintained. Both proteins
display, from the N to the C terminus, the CXCR4 ligand T22, a flexible linker (L; GGSSRSS), two furin
cleavable sites (F; GNRVRRSV) recruited from the original DT, and the hexa-histidine tag (H6), all
represented in color code. Furin cleavable sites have proved to be functional in this family of modular
constructions [48]. Models in 3D were predicted in AlphaFold2 and represented with ChimeraX.
(B) The modular disposition of the DT and T22-GFP-H6 are also shown as references. In the center
is the T22-GFP-H6 nanoparticle as previously modelled [49], with each monomer represented in a
different color and the stabilizing divalent cations as red spheres (reprinted from [49] with permission
from Elsevier). (C) Molecular weight and isoelectric point of the three proteins used in this study,
predicted by ProtParam (Expasy, http:/ /web.expasy.org/protparam; accessed on 20 November 2022).

2. Materials and Methods
2.1. Genetic Design and Protein Production and Purification

Escherichia coli Origami B (BL21, OmpT—, Lon—, TrxB—, Gor—) (Novagen) were used
to produce T22-GFP-H6, T22-GFP-TD-H6 and T22-DITOX-H6 (Figure 1A). T22-GFP-TD-
H6 gene was designed in-house as codon-optimized genes for E. coli, synthetized and
inserted in pET22b plasmids by Geneart (Thermo Fisher Scientific, Waltham, MA, USA).
T22-GFP-TD-H6 was conceived to include, from the N-terminus to the C-terminus, the
following modules: T22, a peptide that targets the cytokine receptor CXCR4 [38]; a flexible
linker (GGSSRSS), to provide structural flexibility to T22; the DT furin cleavable site (F,
GNRVRRSV); the green fluorescent protein (GFP); a second furin cleavable site (F); the
DT translocation domain (TD); and the hexa-histidine (H6) tag. The H6 tag was used
for both single-step Ni?*-based affinity chromatography purification and for ion-assisted
assembly of the monomers into oligomeric nanoparticles, because of the cross-linking
properties of H6 [47]. Origami B cells were transformed by heat shock, grown in LB
medium (supplemented with 1 x 107! g-L~! ampicillin, 1.25 x 102 g-L~! tetracycline
and 1.5 x 1072 g-L~! kanamycin). T22-GFP-TD-H6 was produced at 20 °C overnight upon
induction with 1 x 1073 M isopropyl p-D-1-thiogalactopyranoside (IPTG). Two rounds
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of French Press (Thermo Fisher Scientific FA-078A, Waltham, MA, USA) at 18,000 psi
were applied to obtain bacterial lysates, in the presence of a wash buffer (20 mmol L~}
Tris-HCI, 500 mmol L~! NaCl, 10 mmol L~! imidazole, pH 8.0) and a protease inhibitor
cocktail (cOmplete EDTA-free, Roche Diagnostics, Basel, Switzerland). Soluble fractions
were collected by centrifugation (45 min, 15,000x g). T22-GFP-TD-H6 was purified by
immobilized metal affinity chromatography (IMAC) using HisTrap HP 1 mL columns
(Cytiva, Marlborough, MA, USA). Elution was achieved by a linear gradient of elution
buffer (2 x 1072 M Tris-HCl, 5 x 10! M NaCl, 1 M imidazole, pH 8.0) and the purified
protein was finally dialyzed against sodium bicarbonate (166 x 10~3 M NaHCO;, pH 8.0)
with or without sodium chloride (333 x 1073 M NaCl). T22-GFP-H6 and T22-DITOX-H6
were produced and purified by slight variations of this protocol. Precise details can be
found elsewhere [48]. The oligomeric organization of T22-GFP-H6 is shown in Figure 2B
and the main proteomic traits of all these constructs are depicted in Figure 1C.
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Figure 2. Characterization of T22-GFP-TD-H6 nanoparticles and their cellular accumulation.
(A) Protein gel electrophoresis of the three proteins used in the study (T22-GFP-H6, in green; T22-
GFP-TD-HS, in dark pink; T22-DITOX-HS, in dark yellow). (B) Protein gel electrophoresis of T22-GFP-
TD-HB6, before (pre) and after (post) exposure to recombinant furin. (C) Intensity size distribution
of T22-GFP-H6 and T22-GFP-TD-H6, measured by Dynamic Light Scattering (DLS). Inset values
indicate mean size measured by intensity (nm) and polydispersity index (PDI) + standard error.
(D) Relative intracellular accumulation of T22-GFP-H6 and T22-GFP-TD-H6 in Hela cells after 24 h
of exposure, at four different concentrations (100 nM, 1000 nM, 2000 nM, 3000 nM). Data are shown as
mean =+ standard error. Fluorescence values are referred to those of background cells. Significant sta-
tistical differences between data pairs (T22-GFP-H6 vs. T22-GFP-TD-H6 at a respective concentration)
are represented by * at p < 0.05. (E) Intrinsic fluorescent emission of T22-GFP-H6 and T22-GFP-TD-H6,
exciting at 488 nm and detecting at 511 nm. Fluorescence of T22-GFP-H6 is stated as 100%. (F) HeLa
cell viability upon exposure to 1000 nM of T22-GFP-H6, T22-GFP-TD-H6 and T22-DITOX-H6 for 48 h.
Data are shown as mean =+ standard error. Statistical significance with respect to the toxin group
(T22-DITOX-HS6) is represented by * p < 0.05.
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2.2. Three-Dimensional Protein Modelling and Visualization

An in silico three-dimensional structure prediction of T22-GFP-TD-H6 and T22-
DITOX-H6 was performed using AlphaFold2 [50] via ColabFold [51]. ChimeraX software
(version 1.2) was used for their 3D structure visualization [52]. The surface was shown
with a transparency of 0.8.

2.3. Protein Purity, Integrity and Concentration

Protein purity and integrity was assessed by sodium dodecyl sulphate polyacrylamide
gel electrophoresis (SDS-PAGE), anti-His (Santa Cruz Biotechnology, Dallas, TX, USA)
western blot immunodetection (not shown) and matrix-assisted laser-desorption ioniza-
tion time-of-flight (MALDI-TOF, not shown). Protein concentration was determined by
Bradford assay.

2.4. Size Distribution and Fluorescence Emission

The size distribution of T22-GFP-H6 and T22-GFP-TD-H6 was determined by dynamic
light scattering (DLS) in a Zetasizer Nano ZS (Malvern Panalytical, Malvern, UK) at 633 nm
and 25 °C, using a ZEN2112 3 mm quartz cuvette. Measurements were performed in
triplicate. Mean hydrodynamic size and standard error of the mean (SEM) were obtained
from these values. The polydispersity index was provided directly by the equipment. The
green fluorescence emission of T22-GFP-H6 and T22-GFP-TD-H6 was measured in a Varian
Cary eclipse fluorescence spectrophotometer (Agilent Technologies, Santa Clara, CA, USA),
exciting at 488 nm (emission peak at 511 nm). Measurements were performed in duplicate.
All protein solutions were used at the same concentration (1 g~L_1). Values were then
corrected according to their molecular weight.

2.5. Cell Culture and Confocal Laser Scanning Microscopy

The performance of T22-GFP-TD-H6 was studied in vitro in CXCR4* HeLa (ATCC-
CCL2) cells and CXCR4~ SW1417 (ATCC-CCL238) cells. The differential surface CXCR4
levels in these cell lines have been previously confirmed [53]. HeLa cells (ATCC-CCL2)
were maintained in Eagle minimum essential medium (MEM Alpha 1x GlutaMAX™,
Gibco™ Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% foetal
bovine serum at 37 °C in a 5% CO, humidified atmosphere. For confocal microscopy,
HelLa cells were grown on MatTek plates (MatTek Corporation, Ashland, MA, USA) at
50,000 cells/plate, during 24 h. Then, MEM Alpha was replaced by OptiPro™ serum-free
medium (GibcoTM Thermo Fisher Scientific, Waltham, MA, USA) and cells were exposed to
T22-GFP-TD-H6 or T22-GFP-H6 at 1000 nM for 2 additional hours. Before imaging, plates
were washed with phosphate buffer saline (PBS) and subsequently labelled with Hoechst
33342 (Thermo Fisher Scientific, Waltham, MA, USA) and CellMask™ Deep Red (Thermo
Fisher Scientific, Waltham, MA, USA), at 5 x 1073 g-L~! and 2.5 x 1073 g-L~, respectively.
Cells were then washed with PBS and visualized in Mem Alpha, using an inverted ZEISS
LSM 980 inverted Confocal Laser Scanning Microscope with Airyscan 2 detector (Carl Zeiss
Microscopy GmbH, Jena, Germany) with 63x (1.4 NA) oil immersion objective lenses. For
Hoechst 33342, excitation was reached via a 405 nm diode laser; for GFP, via a 488 nm diode
laser; and for CellMask™ Deep Red, via a 639 nm diode laser. The confocal pinhole was
set to 4.72 AU for GFP, 7.12 AU for Hoechst 33342 and 5.50 AU for CellMask™ Deep Red.
The detector gain was set to 670 V. Multitrack sequential acquisition settings were used.
Emission detection bandwidths were optimized and configured to avoid cross-talking.
Images were processed using ZEN 3.5 (ZEN Lite) software (Carl Zeiss Microscopy GmbH,
Jena, Germany). For 3D reconstructions, z-stacks were acquired every 0.5 um. Images
were then processed using the Surpass Module from Imaris v 7.2.1 software (Bitplane,
Belfast, UK).
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2.6. Cell Cytometry

To monitor the internalization of nanoparticles, HeLa cells exposed to different protein
concentrations (from 1 x 10~7 M to 3 x 10~ M) for different times (from 30 min to 24 h)
were analyzed by flow cytometry using a fluorescence-assisted cell sorting (FACS)-Canto
system (Becton Dickinson, Franklin Lakes, NJ, USA) using a 15 mW air-cooled argon ion
laser exciting at 488 nm. All measurements were performed in duplicate. HeLa cells
were seeded in 24-well culture plates at 30,000 cells/well. Proteins were incubated in
presence of OptiPro SEM (Gibco™ Thermo Fisher Scientific, Waltham, MA, USA) supple-
mented with L-glutamine, at 37 °C in a 5% CO, humidified atmosphere. After protein
exposure, Trypsin-EDTA 1 mg/mL (Gibco™ Thermo Fisher Scientific, Waltham, MA,
USA) was applied to detach cells with a harsh protocol specifically designed to remove
externally attached proteins ([54], 15 min, 37 °C). The displayed relative fluorescence values
were obtained by dividing the intracellular fluorescence values at each condition by the
background fluorescence values of non-exposed control cells in the same experiment. To
determine receptor-specificity in protein internalization, the intracellular fluorescence of
Hel a cells exposed to T22-GFP-H6 or T22-GFP-TD-H6 (at 1 x 107® M and 2 x 107 M
for 1 h) was compared to the intracellular fluorescence of HeLa cells exposed to the same
protein in the same conditions, previously incubated with the CXCR4 antagonist AMD3100
octahydrochloride hydrate (Sigma-Aldrich, San Luis, MO, USA) [55-57] for 1 h, at a final
concentration ten-fold the protein concentration (1 x 107> M or 2 x 107> M). Specificity
(as %) was calculated as 100 x (1 — A/B), in which A refers to intracellular fluorescence
values in presence of AMD3100 (non-specific internalization) and B refers to intracel-
lular fluorescence values in absence of AMD3100. All measurements were performed
in duplicate.

CXCR4~ SW1417 cells were used to determine the intracellular CXCR4-independent
accumulation of T22-GFP-TD-H6. SW1417 cells were grown in Dulbecco’s Eagle mini-
mum essential medium (DMEM Alpha 1x GlutaMAX™  Gibco™ Thermo Fisher Scientific,
Waltham, MA, USA). SW1417 cells were seeded in 24-well culture plates at 180,000 cells/well
and were exposed for 24 h at different concentrations of T22-GFP-TD-H6 (from 1 x 10~7 M
to 2 x 107° M) in presence of OptiPro SFM supplemented with L-glutamine, at 37 °C in
a 10% CO, humidified atmosphere. Samples were analysed by flow cytometry using a
Cytoflex (Beckman Counter, Brea, CA, USA) with a 50 mW solid state laser exciting at
488 nm, following the harsh trypsinization protocol mentioned above. All measurements
were performed in duplicate.

To evaluate endosomal degradation of engulfed nanoparticles, the intracellular flu-
orescence of HeLa cells exposed to T22-GFP-H6 or T22-GFP-TD-H6 at 2 x 10-® M for
different times was compared to the intracellular fluorescence of HeLa cells exposed to
the same protein at the same conditions, but previously incubated with the lysosomal
degradation inhibitor chloroquine [58,59] (chloroquine diphosphate salt, Sigma-Aldrich,
San Luis, MO, USA) (at a final concentration of 5 x 10~% M). All measurements were
performed in duplicate.

2.7. Cell Viability

To monitor protein cytotoxicity, HeLa cells were seeded (3.5 x 103 cells/well) in
Mem Alpha medium in 96-well opaque plates and grown for 24 h at 37 °C in a 5% CO,
humidified atmosphere. Cells were then exposed to T22-GFP-H6, T22-GFP-TD-H6 and
T22-DITOX-H6 (positive control) for 48 h, at a final concentration of 2 x 10~® M and a final
volume of 1 x 10* L. Finally, the Cell-Titer Glo Luminescent Cell Viability Assay (Promega
Corporation, Madison, WI, USA) protocol was followed. A Victor3 (PerkinElmer, Waltham,
MA, USA) microplate reader was used for the measurements. Experiments were performed
in triplicate.
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2.8. Proteolytic Analysis

The accessibility of the furin cleavable site was assessed by SDS-PAGE, after 6 h of
reaction with a recombinant furin enzyme (New England Biolabs, Ipswich, MA, USA).
The reaction took place at 25 °C in the reaction buffer recommended by the supplier
(2 x 1072 M HEPES, 0.1% Triton X-100, 1 x 1073 M CaCl2, 2 x 10~* M B-mercaptoethanol,
pH 7.5). T22-GFP-TD-H6 was added at a final concentration of 10~! g-L~'., in a final
volume of 2.5 x 107> L with 0.1 units of enzyme.

2.9. Statistical Analysis

Mean comparisons were performed using the unpaired t-test. Statistical significance
is represented by * (p value < 0.05). All statistical analyses were performed in GraphPad
Prism 9.4.1 (GraphPad Software).

3. Results

It has been proposed that the formation of membrane pores mediated by the DT TD
at acidic pH might allow the endosomal escape of a fraction of the engulfed polypep-
tides [29,60], but this functional domain had not been deeply characterized in finely cell
targeted protein oligomers for precision medicines. In light of the need to combine precise
cell targeting and endosomal escape, we constructed the modular protein T22-GFP-TD-H6
(Figure 1A) to test the cytosolic release of a reporter GFP in the CXCR4-targeted drug deliv-
ery vehicle T22-GFP-H6. The parental polypeptide T22-GFP-H6 spontaneously assembles,
assisted by ions from the media, as regular 12 nm nanoparticles (a validated structural
model of the T22-GFP-H6 nanoparticle is also shown in Figure 1B, [49]). This material
mediates the selective delivery of covalently attached chemical drugs [45,46,61] and of
proapoptotic peptides, placed as GFP fusions [62,63], into CXCR4" cancer cells, in vitro
and in vivo.

As in the case of T22-GFP-H6 and T22-DITOX-H6, T22-GFP-TD-H6 was well produced
in Escherichia coli as a full-length soluble protein (Figure 2A), in which the furin cleavable
sites were functional (Figure 2B). Upon purification, the protein was observed to assem-
ble into monodisperse nanoparticles of around 14 nm, slightly larger than the parental
T22-GFP-H6 (Figure 2C). Being fully fluorescent (Figure 2D), T22-GFP-TD-H6 oligomers
could be easily monitored during their interaction with target cells. In this context, when
CXCR4* HelLa cells were exposed to T22-GFP-TD-HS, high levels of intracellular fluores-
cence were observed. Such protein amounts represented a dramatic increase (almost up
to 20-fold) over those observed upon the exposure to the parental T22-GFP-H6 material
(Figure 2D). Since the specific fluorescence of both proteins is comparable (Figure 2E), the
fluorescent emission can be interpreted as a validated parameter to comparatively estimate
the intracellular GFP amount. As in the case of T22-GFP-H6, such uptake occurred in
absence of cytotoxicity (Figure 2F). This is in contrast to what occurred when exposing cells
to the control nanoparticle T22-DITOX-H6, which accommodates the catalytic domain of
the toxin instead GFP (Figure 2F).

The dramatic protein accumulation linked to the incorporation of TD (note that
T22-GFP-H6 and T22-GFP-TD-H6 differ only in this domain) was assessed by confocal
microscopy. The images confirmed the higher levels of T22-GFP-TD-H6 when compared
to T22-GFP-H6 (Figure 3A). While an important part of the protein was found intimately
associated to the cell membrane, 3D confocal reconstructions revealed an intracellular
localization of an important amount of material, differential when comparing protein
versions (Figure 3B). Such localization was compatible, in both cases, with an endosomal
localization of the material. Since no diffused fluorescence was observed in the cytoplasm,
cytosolic release, if it occurred, was moderate and involved only a limited fraction of the
engulfed protein. Again, cells did not show any sign of toxicity when exposed to any of
these proteins (Figure 3A).
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T22-GFP-TD-H6

T22-GFP-H6

Figure 3. Intracellular distribution of T22-GFP-TD-H6 and T22-GFP-H6. (A) 2D confocal microscopy
images of HeLa cells upon exposure to 1000 nM of T22-GFP-H6 or T22-GFP-TD-H6 for 2 h. Red
signal indicates labelled membranes, blue signal nuclear nucleic acids and green signal is from the
green fluorescent protein. Left panels show green and blue channels of a particular plane, adding the
red channel at the right panel. (B) 3D reconstructions of confocal stacks along the z-axis, at the same
conditions. A clipping plane inset is shown for the represented cell exposed to T22-GFP-TD-H§, to
indicate the distribution of GFP dots inside the cell. Bars indicate 20 pm.

The potential of TD to enhance the endosomal escape of T22-GFP-H6 was further tested
by using chloroquine as an indicator drug. Chloroquine minimizes lysosomal destruction
of proteins by reducing acidification [58,59]. Subsequently, any increase in the intracellular
florescence of the drug should be representative of the nominal proteolytic destruction
of a given fluorescent polypeptide, because of its retention in the lysosome. As observed
in kinetic internalization analyses (Figure 4A,B), chloroquine increases the intracellular
amount of both T22-GFP-H6 and T22-GFP-TD-H6, indicating lysosomal proteolysis in
both cases. Although slight differences between the internalization patterns of these
proteins were observed in the drug, data were not sufficiently robust to infer an enhanced
proteolytic stability in the TD-carrying protein. Again, according to the data shown in
Figure 3, endosomal escape, if it occurred, was not a majoritarian event.

The absence of an evident endosomal disruption (Figure 4A,B) combined with the
enhanced intracellular accumulation promoted by TD (Figures 1D and 3A) prompted us
to explore the cell-binding specificity of T22-GFP-TD-H6. Furthermore, we wanted to
evaluate if TD might alter the exquisite receptor specificity of T22. In this context, contrary
to what happened in the case of T22-GFP-H6, the uptake of an important fraction of
T22-GFP-TD-H6 was not dependent on CXCR4. This was inferred from the fact that the
CXCR4 antagonist AMD3100 blocked the penetration of 80% of T22-GFP-H6 nanoparticles
but only 27% of T22-GFP-TD-H6 nanoparticles (data at 2000 nM, Figure 4C). Importantly,
data about intracellular fluorescence were obtained after a harsh trypsin cell treatment,
which was specifically developed to remove externally attached protein ([54], as described
in methods section). In addition, T22-GFP-TD-H6 nanoparticles accumulated in a similar
dose-dependent fashion in both CXCR4* HeLa cells and CXCR4~ SW1417 cells (Figure 4D).
Both set of results support the conclusion that the higher amount of T22-GFP-TD-H6
nanoparticles in target cells compared to parental T22-GFP-H6 nanoparticles was mostly
due to a loss of receptor specificity and enhanced cell internalization rather than an apparent
and massive endosomal escape.
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Figure 4. Cell interactivity and fate of T22-GFP-TD-H6 nanoparticles. (A) Time-dependent intracellu-
lar accumulation of T22-GFP-H6 and T22-GFP-TD-H6 in HeLa cells. Both proteins (stored in 166 mM
NaHCOj3, 333 mM NaCl, pH 8.0) were incubated at 2000 nM. (B) Intracellular accumulation kinetics
of T22-GFP-H6 and T22-GFP-TD-H6 with chloroquine (0.5 M) incubated 4 h before protein addition.
For comparison purposes, conditions tested were the same as in A. For both (A,B), fluorescence
values are referred to the background of non-treated cells. Data are shown as mean =+ standard error.
Significant statistical differences between data pairs (T22-GFP-H6 vs. T22-GFP-TD-H6 at a respective
time) are represented by * at p < 0.05. (C) CXCR4-specificity of 1000 nM and 2000 nM T22-GFP-H6 or
T22-GFP-TD-H6 in HelLa cells, measured by cell internalization after 1 h of exposure. Cells were pre-
viously incubated with the CXCR4 antagonist AMD3100 at ten-fold the protein concentration (10 uM
or 20 uM). Data are shown as mean =+ standard error. Statistical significance between T22-GFP-H6
and T22-GFP-TD-H6 specificity is represented by * p < 0.05. (D) Intracellular fluorescence of CXCR4*
HeLa cells and CXCR4~ SW1417 cells exposed to T22-GFP-TD-H6 for 24 h. Fluorescence values are
referred to the background of non-treated cells. Data are shown as mean =+ standard error. Significant
statistical differences between values at each condition and background fluorescence of untreated
cells are represented by * at p < 0.05.

4. Discussion

The DT is one of the most well-known microbial toxins. Through its TD, this pro-
tein uses the endosomal pathway of cellular entrance [28]; this domain might be highly
appealing as a functional component when designing protein drugs, for which lysoso-
mal degradation is a main bottleneck [15-18,64]. However, the behaviour of this protein
segment as an agent to functionalize protein drugs with refined receptor-mediated tar-
geting [65] has been essentially neglected. In this study, by incorporating the DT TD
into T22-GFP-H6 (Figure 1), a protein nanoparticle targeted to CXCR4-overexpressing
cells [36], we have demonstrated an enhanced accumulation of the material in compari-
son to the parental T22-GFP-H6 in dose-dependent (Figure 2D) and in time-dependent
(Figure 4A) ways. Considering both types of analyses and the similarity of the specific
fluorescence of both constructs (Figure 2E), the amount of intracellular material differed
up to around 50-fold (Figure 2D). However, the obtained data were not supportive of an
enhanced endosomal escape and consequent proteolytic stability; in contrast, this indi-
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cated a nonspecific cell penetrability of nanoparticles empowered with TD, independent
of endosome formation. Two observations support this concept. First, the penetration of
T22-GFP-TD-H6 is only partially dependent on the receptor CXCR4, to which the peptide
T22 binds (Figure 4C). Also, the protein accumulates in a similar pattern in both CXCR4*
and CXCR4™ cultured cells (Figure 4D), showing only partial selectivity and cell discrim-
ination based on the receptor to which T22 binds [40,66]. In this regard, it is known that
recombinant DT TD versions destabilize different types of lipid membranes at neutral or
quasi-neutral pH values, namely in the 3-6.5 range [67], and the translocation mechanism
of this toxin domain is comparable to that of some cell-penetrating peptides [68]. Therefore,
the notable intracellular accumulation of T22-GFP-TD-H6 nanoparticles, in contrast to the
parental version lacking TD (Figure 2C), can be accounted for by a receptor-independent,
non-specific cell uptake that might involve a large fraction of the presumed cell-targeted
material. Like other endosomal escape peptides whose activity is based on the physical
modification of the membrane structure [15], the potential of the DT TD in enhancing
nanoscale drug delivery might be incompatible with precision medicines that rely on an
exquisite receptor recognition.

5. Conclusions

The translocation domain (TD) of the DT was incorporated in a GFP-containing
protein-only nanoparticle that selectively binds to and internalizes CXCR4* cells through
the highly specific ligand T22. In this context, the TD dramatically increased the amount
of protein material that accumulate intracellularly. However, this event occurred at the
expense of receptor selectivity in the delivery process, which was significantly reduced in
the material functionalized with TD. This fact prevents us from considering DT TD as a
useful candidate for cell drug delivery in the context of protein-based precision medicines,
for which exquisite receptor selectivity is mandatory.

Author Contributions: Conceptualization, E.V.-D., E.V,, U.U. and A.V.; methodology, E.V.-D., . M.S.
and E.P; software, E.V.-D. and E.P; validation, E.V.-D. and U.U.; investigation, E.V.-D., JM.S., E.P. and
N.S.; data curation, E.V.-D.; writing—original draft preparation, A.V.; writing—review and editing,
E.V.-D,JMS,EP,NS,EV, UU. and A.V, supervision, E.V,, U.U. and A.V,; project administration,
U.U,; funding acquisition, E.V., U.U. and A.V. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors appreciate the financial support received for the development of multimeric
recombinant drugs, from AEI (PID2020-116174RB-100 to A.V.; PID2019-105416RB-100/AEI/10.13039/
501100011033 to EV), AGAUR (2020PANDE00003 to A.V.) and ISCIII (P120/00400 to U.U.) co-funded
by European Regional Development Fund (ERDF, a way to make Europe). We also appreciate funding
from the CIBER—Consorcio Centro de Investigacion Biomédica en Red—(CB06/01/0014), Instituto de
Salud Carlos III, Ministerio de Ciencia e Innovacion, through several projects (VENOM4CANCER to
A.V,; NANOREMOTE to EV and NANOSCAPE to U.U.) and to CERCA Programme from Generalitat
de Catalunya. U.U. was supported by Miguel Servet contract (CP19/00028) from ISCIII co-funded by
European Social Fund (ESF investing in your future). A.V. received an Icrea Academia Award. EVD
was supported by a predoctoral fellowship from Ministerio de Ciencia, Innovacién y Universidades
(FPU18/04615).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Raw data can be found here: https://ddd.uab.cat/record /264345,
(accessed on 20 November 2022).


https://ddd.uab.cat/record/264345

Pharmaceutics 2022, 14, 2644 11 of 13

Acknowledgments: We would like to acknowledge the Servei de Microscopia and the Servei de
Cultius Cel-lulars, Anticossos i Citometria (SCAC) from UAB for their excellent services and technical
assistance. We also appreciate the assistance of the ICTS “NANBIOSIS”, more specifically the
Protein Production Platform of CIBER-BBN/IBB, at the UAB (http://www.nanbiosis.es/portfolio/
ul-protein-production-platform-ppp/, (accessed on 20 November 2022)). Molecular graphics were
performed with UCSF ChimeraX, developed by the Resource for Biocomputing, Visualization, and
Informatics at the University of California, San Francisco, with support from National Institutes of
Health R01-GM129325 and the Office of Cyber Infrastructure and Computational Biology, National
Institute of Allergy and Infectious Diseases.

Conflicts of Interest: E.V. and A.V. are co-founders of Nanoligent SL, a company devoted to develop-
ing nanostructured drugs for cancer treatment.

References

1. Wang, Z.; Zhi, K,; Ding, Z.; Sun, Y,; Li, S.; Li, M,; Pu, K.; Zou, J. Emergence in protein derived nanomedicine as anticancer
therapeutics: More than a tour de force. Semin. Cancer Biol. 2021, 69, 77-90. [CrossRef] [PubMed]

2. Reichert, ].M.; Paquette, C. Therapeutic recombinant proteins: Trends in US approvals 1982 to 2002. Curr. Opin. Mol. Ther. 2003, 5,
139-147.

3. Lagasse, H.A.; Alexaki, A.; Simhadri, V.L.; Katagiri, N.H.; Jankowski, W.; Sauna, Z.E.; Kimchi-Sarfaty, C. Recent advances in
(therapeutic protein) drug development. F1000Research 2017, 6, 113. [CrossRef] [PubMed]

4. Vazquez, E.; Mangues, R.; Villaverde, A. Functional recruitment for drug delivery through protein-based nanotechnologies.
Nanomedicine 2016, 11, 1333-1336. [CrossRef]

5. Serna, N.; Sanchez-Garcia, L.; Unzueta, U.; Diaz, R.; Vazquez, E.; Mangues, R.; Villaverde, A. Protein-Based Therapeutic Killing
for Cancer Therapies. Trends Biotechnol. 2018, 36, 318-335. [CrossRef] [PubMed]

6. Vazquez, E.; Ferrer-Miralles, N.; Mangues, R.; Corchero, J.L.; Schwartz, S., Jr.; Villaverde, A. Modular protein engineering in
emerging cancer therapies. Curr. Pharm. Des. 2009, 15, 893-916. [CrossRef]

7. Sanchez-Garcia, L.; Martin, L.; Mangues, R.; Ferrer-Miralles, N.; Vazquez, E.; Villaverde, A. Recombinant pharmaceuticals from
microbial cells: A 2015 update. Microb. Cell Factories 2016, 15, 33. [CrossRef]

8.  Schmidt, FR. Recombinant expression systems in the pharmaceutical industry. Appl. Microbiol. Biotechnol. 2004, 65, 363-372.
[CrossRef]

9.  Akbari, B.; Farajnia, S.; Ahdi Khosroshahi, S.; Safari, F.; Yousefi, M.; Dariushnejad, H.; Rahbarnia, L. Inmunotoxins in cancer
therapy: Review and update. Int. Rev. Immunol. 2017, 36, 207-219. [CrossRef]

10. Tourdot, S.; Hickling, T.P. Nonclinical immunogenicity risk assessment of therapeutic proteins. Bioanalysis 2019, 11, 1631-1643.
[CrossRef]

11. Mazor, R.; Pastan, I. Inmunogenicity of Immunotoxins Containing Pseudomonas Exotoxin A: Causes, Consequences, and
Mitigation. Front. Immunol. 2020, 11, 1261. [CrossRef] [PubMed]

12. Yin, L.; Chen, X,; Vicini, P; Rup, B.; Hickling, T.P. Therapeutic outcomes, assessments, risk factors and mitigation efforts of
immunogenicity of therapeutic protein products. Cell. Immunol. 2015, 295, 118-126. [CrossRef] [PubMed]

13.  Mazor, R.; Onda, M,; Pastan, I. Immunogenicity of therapeutic recombinant immunotoxins. Immunol. Rev. 2016, 270, 152-164.
[CrossRef] [PubMed]

14. Ishii-Watabe, A.; Shibata, H.; Nishimura, K.; Hosogi, J.; Aoyama, M.; Nishimiya, K.; Saito, Y. Immunogenicity of therapeutic
protein products: Current considerations for anti-drug antibody assay in Japan. Bioanalysis 2018, 10, 95-105. [CrossRef]

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

16. Shete, HK.; Prabhu, R.H.; Patravale, V.B. Endosomal escape: A bottleneck in intracellular delivery. J. Nanosci. Nanotechnol. 2014,
14, 460-474. [CrossRef]

17.  Munsell, E.V;; Ross, N.L.; Sullivan, M.O. Journey to the Center of the Cell: Current Nanocarrier Design Strategies Targeting
Biopharmaceuticals to the Cytoplasm and Nucleus. Curr. Pharm. Des. 2016, 22, 1227-1244. [CrossRef]

18. 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]

19. Tran, S.; DeGiovanni, PJ.; Piel, B.; Rai, P. Cancer nanomedicine: A review of recent success in drug delivery. Clin. Transl. Med.
2017, 6, 44. [CrossRef]

20. Casanova, I; Unzueta, U.; Arroyo-Solera, I.; Cespedes, M.V.; Villaverde, A.; Mangues, R.; Vazquez, E. Protein-driven
nanomedicines in oncotherapy. Curr. Opin. Pharmacol. 2019, 47, 1-7. [CrossRef]

21. Perez-Herrero, E.; Fernandez-Medarde, A. Advanced targeted therapies in cancer: Drug nanocarriers, the future of chemotherapy.
Eur. ]. Pharm. Biopharm. 2015, 93, 52-79. [CrossRef] [PubMed]

22. Smith, S.A,; Selby, L.IL; Johnston, A.P.R.; Such, G.K. The Endosomal Escape of Nanoparticles: Toward More Efficient Cellular

Delivery. Bioconjugate Chem. 2019, 30, 263-272. [CrossRef] [PubMed]


http://www.nanbiosis.es/portfolio/u1-protein-production-platform-ppp/
http://www.nanbiosis.es/portfolio/u1-protein-production-platform-ppp/
http://doi.org/10.1016/j.semcancer.2019.11.012
http://www.ncbi.nlm.nih.gov/pubmed/31962173
http://doi.org/10.12688/f1000research.9970.1
http://www.ncbi.nlm.nih.gov/pubmed/28232867
http://doi.org/10.2217/nnm-2016-0090
http://doi.org/10.1016/j.tibtech.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29246477
http://doi.org/10.2174/138161209787582084
http://doi.org/10.1186/s12934-016-0437-3
http://doi.org/10.1007/s00253-004-1656-9
http://doi.org/10.1080/08830185.2017.1284211
http://doi.org/10.4155/bio-2018-0246
http://doi.org/10.3389/fimmu.2020.01261
http://www.ncbi.nlm.nih.gov/pubmed/32695104
http://doi.org/10.1016/j.cellimm.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/25880103
http://doi.org/10.1111/imr.12390
http://www.ncbi.nlm.nih.gov/pubmed/26864110
http://doi.org/10.4155/bio-2017-0186
http://doi.org/10.1016/j.jconrel.2010.11.004
http://doi.org/10.1166/jnn.2014.9082
http://doi.org/10.2174/1381612822666151216151420
http://doi.org/10.1016/j.biochi.2019.02.012
http://doi.org/10.1186/s40169-017-0175-0
http://doi.org/10.1016/j.coph.2018.12.004
http://doi.org/10.1016/j.ejpb.2015.03.018
http://www.ncbi.nlm.nih.gov/pubmed/25813885
http://doi.org/10.1021/acs.bioconjchem.8b00732
http://www.ncbi.nlm.nih.gov/pubmed/30452233

Pharmaceutics 2022, 14, 2644 12 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Pei, D.; Buyanova, M. Overcoming Endosomal Entrapment in Drug Delivery. Bioconjugate Chem. 2019, 30, 273-283. [CrossRef]
[PubMed]

Lonn, P,; Kacsinta, A.D.; Cui, X.S.; Hamil, A.S.; Kaulich, M.; Gogoi, K.; Dowdy, S.F. Enhancing Endosomal Escape for Intracellular
Delivery of Macromolecular Biologic Therapeutics. Sci. Rep. 2016, 6, 32301. [CrossRef]

Lopez-Laguna, H.; Cubarsi, R.; Unzueta, U.; Mangues, R.; Vazquez, E.; Villaverde, A. Endosomal escape of protein nanoparticles
engineered through humanized histidine-rich peptides. Sci. China Mater. 2020, 63, 644—653. [CrossRef]

Uchida, T. CHAPTER 1—Diphtheria toxin: Biological activity. In Molecular Aspects of Cellular Regulation; Cohen, P., Van Heyningen,
S., Eds.; Elsevier: Amsterdam, The Netherlands, 1982; Volume 2, pp. 1-31.

Simon, N.C.; Aktories, K.; Barbieri, ].T. Novel bacterial ADP-ribosylating toxins: Structure and function. Nat. Rev. Microbiol. 2014,
12,599-611. [CrossRef]

Collier, R.J. Understanding the mode of action of diphtheria toxin: A perspective on progress during the 20th century. Toxicon Off.
J. Int. Soc. Toxinol. 2001, 39, 1793-1803. [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]

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]

Ladokhin, A.S.; Vargas-Uribe, M.; Rodnin, M.V.; Ghatak, C.; Sharma, O. Cellular Entry of the Diphtheria Toxin Does Not Require
the Formation of the Open-Channel State by Its Translocation Domain. Toxins 2017, 9, 299. [CrossRef]

Ratts, R.; Murphy, J.R. Diphtheria toxin, diphtheria-related fusion protein toxins, and the molecular mechanism of their action
against eukaryotic cells. In Microbial Protein Toxins; Schmitt, M.]., Schaffrath, R., Eds.; Springer: Berlin/Heidelberg, Germany,
2005; pp. 1-20.

Park, S.G.; Choi, B.; Bae, Y.; Lee, Y.G.; Park, S.A.; Chae, Y.C.; Kang, S. Selective and Effective Cancer Treatments using Target-
Switchable Intracellular Bacterial Toxin Delivery Systems. Adv. Ther. 2020, 3, 2000043. [CrossRef]

Zhao, S.; Karp, ].M.; Joshi, N. Toxin-Mediated siRNA Delivery. Trends Pharmacol. Sci. 2020, 41, 511-513. [CrossRef] [PubMed]
Serna, N.; Pallares, V.; Unzueta, U.; Garcia-Leon, A.; Volta-Duran, E.; Sanchez-Chardi, A.; Parladé, E.; Rueda, A.; Casanova, L.;
Falgas, A.; et al. Engineering non-antibody human proteins as efficient scaffolds for selective, receptor-targeted drug delivery. J.
Control. Release 2022, 343, 277-287. [CrossRef] [PubMed]

Cano-Garrido, O.; Alamo, P.; Sanchez-Garcia, L.; Falgas, A.; Sanchez-Chardi, A.; Serna, N.; Parlade, E.; Unzueta, U.; Roldan, M.;
Volta-Duran, E.; et al. Biparatopic Protein Nanoparticles for the Precision Therapy of CXCR4(+) Cancers. Cancers 2021, 13, 2929.
[CrossRef] [PubMed]

Salan, A.L; Marasescu, P.C.; Camen, A.; Ciuca, E.M.; Matei, M.; Florescu, A.M.; Padureanu, V.; Margaritescu, C. The prognostic
value of CXCR4, alpha-SMA and WASL in upper lip basal cell carcinomas. Rom. J. Morphol. Embryol. Rev. Roum. Morphol. Embryol.
2018, 59, 839-849.

Cabrero-de Las Heras, S.; Martinez-Balibrea, E. CXC family of chemokines as prognostic or predictive biomarkers and possible
drug targets in colorectal cancer. World J. Gastroenterol. 2018, 24, 4738-4749. [CrossRef] [PubMed]

Tamamura, H.; Arakaki, R.; Funakoshi, H.; Imai, M.; Otaka, A.; Ibuka, T.; Nakashima, H.; Murakami, T.; Waki, M.; Matsumoto, A.;
et al. Effective lowly cytotoxic analogs of an HIV-cell fusion inhibitor, T22 ([Tyr5,12, Lys7]-polyphemusin II). Bioorganic Med.
Chem. 1998, 6, 231-238. [CrossRef] [PubMed]

Unzueta, U.; Cespedes, M.V.; Ferrer-Miralles, N.; Casanova, I.; Cedano, J.; Corchero, J.L.; Domingo-Espin, J.; Villaverde, A.;
Mangues, R.; Vazquez, E. Intracellular CXCR4(+) cell targeting with T22-empowered protein-only nanoparticles. Int. |. Nanomed.
2012, 7, 4533-4544. [CrossRef]

Tamamura, H.; Imai, M.; Ishihara, T.; Masuda, M.; Funakoshi, H.; Oyake, H.; Murakami, T.; Arakaki, R.; Nakashima, H.; Otaka,
A.; et al. Pharmacophore identification of a chemokine receptor (CXCR4) antagonist, T22 ([Tyr(5,12),Lys7]-polyphemusin II),
which specifically blocks T cell-line-tropic HIV-1 infection. Bioorganic Med. Chem. 1998, 6, 1033-1041. [CrossRef]

Sala, R.; Rioja-Blanco, E.; Serna, N.; Sanchez-Garcia, L.; Alamo, P; Alba-Castellén, L.; Casanova, I; Lopez-Pousa, A.; Unzueta, U.;
Céspedes, M.V,; et al. GSDMD-dependent pyroptotic induction by a multivalent CXCR4-targeted nanotoxin blocks colorectal
cancer metastases. Drug Delivery 2022, 29, 1384-1397. [CrossRef]

Pallares, V.; Unzueta, U,; Falgas, A.; Sanchez-Garcia, L.; Serna, N.; Gallardo, A.; Morris, G.A.; Alba-Castellon, L.; Alamo, P.; Sierra,
J.; et al. An Auristatin nanoconjugate targeting CXCR4+ leukemic cells blocks acute myeloid leukemia dissemination. J. Hematol.
Oncol. 2020, 13, 36. [CrossRef] [PubMed]

Serna, N.; Falgas, A.; Garcia-Leon, A.; Unzueta, U.; Nunez, Y.; Sanchez-Chardi, A.; Martinez-Torro, C.; Mangues, R.; Vazquez,
E.; Casanova, I.; et al. Time-Prolonged Release of Tumor-Targeted Protein-MMAE Nanoconjugates from Implantable Hybrid
Materials. Pharmaceutics 2022, 14, 192. [CrossRef] [PubMed]

Pallares, V.; Unzueta, U.; Falgas, A.; Avino, A.; Nunez, Y.; Garcia-Leon, A.; Sanchez-Garcia, L.; Serna, N.; Gallardo, A.; Alba-
Castellon, L.; et al. A multivalent Ara-C-prodrug nanoconjugate achieves selective ablation of leukemic cells in an acute myeloid
leukemia mouse model. Biomaterials 2022, 280, 121258. [CrossRef] [PubMed]


http://doi.org/10.1021/acs.bioconjchem.8b00778
http://www.ncbi.nlm.nih.gov/pubmed/30525488
http://doi.org/10.1038/srep32301
http://doi.org/10.1007/s40843-019-1231-y
http://doi.org/10.1038/nrmicro3310
http://doi.org/10.1016/S0041-0101(01)00165-9
http://doi.org/10.1158/0008-5472.CAN-06-2393
http://doi.org/10.1021/acs.molpharmaceut.5b00233
http://doi.org/10.3390/toxins9100299
http://doi.org/10.1002/adtp.202000043
http://doi.org/10.1016/j.tips.2020.06.006
http://www.ncbi.nlm.nih.gov/pubmed/32620268
http://doi.org/10.1016/j.jconrel.2022.01.017
http://www.ncbi.nlm.nih.gov/pubmed/35051493
http://doi.org/10.3390/cancers13122929
http://www.ncbi.nlm.nih.gov/pubmed/34208189
http://doi.org/10.3748/wjg.v24.i42.4738
http://www.ncbi.nlm.nih.gov/pubmed/30479461
http://doi.org/10.1016/S0968-0896(97)10037-2
http://www.ncbi.nlm.nih.gov/pubmed/9547946
http://doi.org/10.2147/IJN.S34450
http://doi.org/10.1016/S0968-0896(98)00061-3
http://doi.org/10.1080/10717544.2022.2069302
http://doi.org/10.1186/s13045-020-00863-9
http://www.ncbi.nlm.nih.gov/pubmed/32295630
http://doi.org/10.3390/pharmaceutics14010192
http://www.ncbi.nlm.nih.gov/pubmed/35057088
http://doi.org/10.1016/j.biomaterials.2021.121258
http://www.ncbi.nlm.nih.gov/pubmed/34847435

Pharmaceutics 2022, 14, 2644 13 of 13

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Cespedes, M.V.; Unzueta, U.; Avino, A.; Gallardo, A.; Alamo, P; Sala, R.; Sanchez-Chardi, A.; Casanova, I.; Mangues, M.A ;
Lopez-Pousa, A.; et al. Selective depletion of metastatic stem cells as therapy for human colorectal cancer. EMBO Mol. Med. 2018,
10, e8772. [CrossRef]

Lopez-Laguna, H.; Volta-Duran, E.; Parlade, E.; Villaverde, A.; Vazquez, E.; Unzueta, U. Insights on the emerging biotechnology
of histidine-rich peptides. Biotechnol. Adv. 2022, 54, 107817. [CrossRef]

Sanchez-Garcia, L.; Serna, N.; Alamo, P; Sala, R.; Cespedes, M.V.; Roldan, M.; Sanchez-Chardi, A.; Unzueta, U.; Casanova, I;
Mangues, R.; et al. Self-assembling toxin-based nanoparticles as self-delivered antitumoral drugs. J. Control. Release Off. ]. Control.
Release Soc. 2018, 274, 81-92. [CrossRef] [PubMed]

Lopez-Laguna, H.; Unzueta, U.; Conchillo-Sole, O.; Sanchez-Chardi, A.; Pesarrodona, M.; Cano-Garrido, O.; Volta, E.; Sanchez-
Garcia, L.; Serna, N.; Saccardo, P.; et al. Assembly of histidine-rich protein materials controlled through divalent cations. Acta
Biomater. 2019, 83, 257-264. [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]

Mirdita, M.; Schiitze, K.; Moriwaki, Y.; Heo, L.; Ovchinnikov, S.; Steinegger, M. ColabFold: Making protein folding accessible to
all. Nat. Methods 2022, 19, 679-682. [CrossRef]

Pettersen, E.F; Goddard, T.D.; Huang, C.C.; Meng, E.C.; Couch, G.S.; Croll, TI; Morris, J.H.; Ferrin, T.E. UCSF ChimeraX:
Structure visualization for researchers, educators, and developers. Protein Sci. 2021, 30, 70-82. [CrossRef]

Volta-Duran, E.; Serna, N.; Sanchez-Garcia, L.; Avino, A.; Sanchez, ].M.; Lopez-Laguna, H.; Cano-Garrido, O.; Casanova, I;
Mangues, R;; Eritja, R; et al. Design and engineering of tumor-targeted, dual-acting cytotoxic nanoparticles. Acta Biomater. 2021,
119, 312-322. [CrossRef] [PubMed]

Richard, J.P.,; Melikov, K.; Vives, E.; Ramos, C.; Verbeure, B.; Gait, M.].; Chernomordik, L.V,; Lebleu, B. Cell-penetrating peptides.
A reevaluation of the mechanism of cellular uptake. J. Biol. Chem. 2003, 278, 585-590. [CrossRef] [PubMed]

Jung, YH.; Lee, D.Y.; Cha, W.; Kim, B.H.; Sung, M.W.; Kim, K.H.; Ahn, S.H. Antitumor effect of CXCR4 antagonist AMD3100 on
the tumorigenic cell line of BHP10-3 papillary thyroid cancer cells. Head Neck 2016, 38, 1479-1486. [CrossRef]

Kim, H.Y,; Hwang, ].Y.; Kim, SSW,; Lee, H.].; Yun, H.J.; Kim, S.; Jo, D.Y. The CXCR4 Antagonist AMD3100 Has Dual Effects on
Survival and Proliferation of Myeloma Cells In Vitro. Cancer Res. Treat. Off. ]. Korean Cancer Assoc. 2010, 42, 225-234. [CrossRef]
Donzella, G.A.; Schols, D.; Lin, S.W.; Este, ].A.; Nagashima, K.A.; Maddon, P].; Allaway, G.P,; Sakmar, T.P.; Henson, G.; De Clercq,
E.; et al. AMD3100, a small molecule inhibitor of HIV-1 entry via the CXCR4 co-receptor. Nat. Med. 1998, 4, 72-77. [CrossRef]
Al-Bari, M.A.A. Targeting endosomal acidification by chloroquine analogs as a promising strategy for the treatment of emerging
viral diseases. Pharmacol. Res. Perspect. 2017, 5, €00293. [CrossRef]

Fredericksen, B.L.; Wei, B.L.; Yao, J.; Luo, T.; Garcia, J.V. Inhibition of endosomal/lysosomal degradation increases the infectivity
of human immunodeficiency virus. J. Virol. 2002, 76, 11440-11446. [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. ]. Radiat.
Oncol. Biol. Phys. 2008, 72, 193-200. [CrossRef]

Falgas, A.; Pallares, V.; Unzueta, U.; Nufiez, Y.; Sierra, J.; Gallardo, A.; Alba-Castellon, L.; Mangues, M.A.; Alamo, P; Villaverde,
A.; et al. Specific Cytotoxic Effect of an Auristatin Nanoconjugate Towards CXCR4(+) Diffuse Large B-Cell Lymphoma Cells. Int.
J. Nanomed. 2021, 16, 1869-1888. [CrossRef]

Sanchez-Garcia, L.; Sala, R.; Serna, N.; Alamo, P,; Parladé, E.; Alba-Castellén, L.; Volta-Durdn, E.; Sanchez-Chardi, A.; Unzueta,
U.; Vazquez, E.; et al. A refined cocktailing of pro-apoptotic nanoparticles boosts anti-tumor activity. Acta Biomater. 2020, 113,
584-596. [CrossRef] [PubMed]

Serna, N.; Céspedes, M.V,; Sanchez-Garcia, L.; Unzueta, U,; Sala, R.; Sanchez-Chardi, A.; Cortés, F,; Ferrer-Miralles, N.; Mangues,
R.; Vazquez, E.; et al. Peptide-Based Nanostructured Materials with Intrinsic Proapoptotic Activities in CXCR4+ Solid Tumors.
Adv. Funct. Mater. 2017, 27, 1700919. [CrossRef]

Yu, M.; Wu, J.; Shi, J.; Farokhzad, O.C. Nanotechnology for protein delivery: Overview and perspectives. J. Control. Release Off. ].
Control. Release Soc. 2016, 240, 24-37. [CrossRef]

Manzari, M.T.; Shamay, Y.; Kiguchi, H.; Rosen, N.; Scaltriti, M.; Heller, D.A. Targeted drug delivery strategies for precision
medicines. Nat. Rev. Mater. 2021, 6, 351-370. [CrossRef]

Cespedes, M.V,; Unzueta, U.; Alamo, P; Gallardo, A.; Sala, R.; Casanova, I.; Pavon, M.A.; Mangues, M.A.; Trias, M.; Lopez-Pousa,
A.; et al. Cancer-specific uptake of a liganded protein nanocarrier targeting aggressive CXCR4+ colorectal cancer models.
Nanomed. Nanotechnol. Biol. Med. 2016, 12, 1987-1996. [CrossRef] [PubMed]

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. ]. Control. Release 2008, 128,
241-247. [CrossRef] [PubMed]

Lindgren, M.; Hallbrink, M.; Prochiantz, A.; Langel, U. Cell-penetrating peptides. Trends Pharmacol. Sci. 2000, 21, 99-103.
[CrossRef]


http://doi.org/10.15252/emmm.201708772
http://doi.org/10.1016/j.biotechadv.2021.107817
http://doi.org/10.1016/j.jconrel.2018.01.031
http://www.ncbi.nlm.nih.gov/pubmed/29408658
http://doi.org/10.1016/j.actbio.2018.10.030
http://doi.org/10.1038/s41586-021-03819-2
http://doi.org/10.1038/s41592-022-01488-1
http://doi.org/10.1002/pro.3943
http://doi.org/10.1016/j.actbio.2020.11.018
http://www.ncbi.nlm.nih.gov/pubmed/33189955
http://doi.org/10.1074/jbc.M209548200
http://www.ncbi.nlm.nih.gov/pubmed/12411431
http://doi.org/10.1002/hed.24461
http://doi.org/10.4143/crt.2010.42.4.225
http://doi.org/10.1038/nm0198-072
http://doi.org/10.1002/prp2.293
http://doi.org/10.1128/JVI.76.22.11440-11446.2002
http://doi.org/10.1016/j.ijrobp.2008.05.055
http://doi.org/10.2147/IJN.S289733
http://doi.org/10.1016/j.actbio.2020.06.033
http://www.ncbi.nlm.nih.gov/pubmed/32603867
http://doi.org/10.1002/adfm.201700919
http://doi.org/10.1016/j.jconrel.2015.10.012
http://doi.org/10.1038/s41578-020-00269-6
http://doi.org/10.1016/j.nano.2016.04.003
http://www.ncbi.nlm.nih.gov/pubmed/27085904
http://doi.org/10.1016/j.jconrel.2008.03.011
http://www.ncbi.nlm.nih.gov/pubmed/18442865
http://doi.org/10.1016/S0165-6147(00)01447-4

	Introduction 
	Materials and Methods 
	Genetic Design and Protein Production and Purification 
	Three-Dimensional Protein Modelling and Visualization 
	Protein Purity, Integrity and Concentration 
	Size Distribution and Fluorescence Emission 
	Cell Culture and Confocal Laser Scanning Microscopy 
	Cell Cytometry 
	Cell Viability 
	Proteolytic Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

