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Abstract

The possibility to conjugate tumor-targeted cytotoxic nanoparticles and conventional
antitumoral drugs in single pharmacological entities would open a wide spectrum of
opportunities in nanomedical oncology. This principle has been explored here by using CXCR4-
targeted self-assembling protein nanoparticles based on two potent microbial toxins, the
exotoxin A from Pseudomonas aeruginosa and the diphtheria toxin from Corynebacterium
diphtheriae, to which oligo-floxuridine and monomethyl auristatin E respectively have been
chemically coupled. The resulting multifunctional hybrid nanoconjugates, with a hydrodynamic
size of around 50 nm, are stable and internalize target cells with a biological impact. Although
the chemical conjugation minimizes the cytotoxic activity of the protein partner in the
complexes, the concept of drug combination proposed here is fully feasible and highly
promising when considering multiple drug treatments aimed to higher effectiveness or when

facing the therapy of cancers with acquired resistance to classical drugs.

Keywords: Recombinant proteins; nanoparticles; drug delivery; drug combination; hybrid
materials

1. Introduction

Side toxicities linked to current chemotherapies for cancer limit the usable drug doses and
prevent the drug from reaching effective local concentrations [1-4]. In this regard, tumor-
targeted drug delivery is an unmet therapeutic need, although largely pursued through
different developmental approaches [5-11]. Most of them are based on nanomedical concepts,
in which a nanoscale drug carrier is functionalized with a ligand of a cell surface marker that is
selectively overexpressed in target cancer cells [5, 12-14]. Such functional combination not
only benefits from the targeting event endorsed by the ligand, but also from the whole
nanoscale drug size that prevents renal filtration and exploits the enhanced permeability and
retention (EPR) effect [9, 15-18]. However, targeting attempts have been in general
unsuccessful in vivo (with only 1-2 % of the administered drug reaching the target) [19, 20].
Even more importantly, the non-therapeutic drug carrier, that represents around 90 % of the
whole nanoconjugate (carrier plus drug) mass, imposes a limitation in the drug doses and
generates severe concerns regarding the potential intrinsic toxicity of the vehicle and its
prevalence and accumulation in both body and environment [21]. Therefore, the emerging

concept of self-assembling drugs in the nanoscale, delivered in absence of any heterologous



carrier and acting simultaneously as drug and vehicle, is highly appealing but difficult to reach

by conventional chemistry [21].

In such a challenging scenario, proteins represent multifunctional and biocompatible materials,
versatile enough for the development of new generation, cell-targeted protein drugs at the
nanoscale [22-24]. Protein engineering is not only resulting in the fabrication of a diversity of
nano- and micro-scale protein materials [25], but it also enables the generation of vehicle-free
nanoscale drugs for tumor-targeted delivery. Since many proteins show cell-killing activities
[24], the incorporation of oligomerization peptides and tumor-homing peptides in form of
modular proteins results in self-assembling, self-targeted and self-delivered drug nanoparticles
that promote efficient and selective destruction of tumor tissues [26]. Recently, microbial [27]
and plant [28] toxins, venoms [29] and also pro-apoptotic factors [30, 31] have been
engineered under this concept as powerful and highly selective nanoscale drugs in oncology,
that self-organize as robust protein-only nanoparticles upon their production in recombinant
microorganisms, with sizes and superficial charges compatible with those favoring stability and
cell delivery [32]. The assembling as nanostructured materials ensures not only high stability in
blood [33], but also a proper organ biodistribution provided homing peptides are incorporated
in the constructs [15]. Although the use of recombinant proteins as therapeutic agents might
also pose some concerns regarding immunogenicity, the tendency to use human or humanized
proteins as drugs [34-38] and the improved genetic procedures to de-immunize heterologous
proteins [39-41], exemplified by the Pseudomonas aeruginosa exotoxin A [39], should solve
this potential issue. In addition, the high number of biopharmaceuticals approved for use by
the FDA and EMA [36, 42-44] demonstrate that other potential concerns linked to the
presence of bacterial endotoxins and other contaminants from the cell factories can be

smoothly solved even at large scale.

On the other hand, using the same protein engineering principle based on a cationic N-
terminal peptide and a C-terminal polyhistidine, we have also generated self-assembling,
biologically inert protein carriers for the targeted delivery of the conventional chemical drugs
oligo-floxuridine (FdU) and monomethyl auristatin E (MMAE) [45, 46], to which they are
chemically coupled [47]. In that case, the protein core of the vehicle consists of biologically
irrelevant polypeptides such as GFP, which act as scaffold carriers. The high antitumoral and
antimetastatic effect of the resulting nanoconjugates was excellent [45, 48], resulting in
clinically promising products for further development in oncology. Combining concepts from
both approaches, we wondered if it would be possible to use intrinsically cytotoxic protein

nanoparticles (those based on toxins) as carriers of conventional small molecular weight



antitumoral drugs. This would allow integrating, in single tumor-targeted nanoparticles, the
therapeutic value of the protein and the chemical drug. The generation of such hybrid
nanoscale materials has been explored here by conjugating the above small molecular weight
agents with tumor-targeted protein-only cytotoxic nanoparticles. The obtained data validate
the proposed concept but also reveal methodological bottlenecks, offering clues for the

further development of this category of innovative materials.

2. Material and methods

2. 1 Protein architecture, production and purification

Protein nomenclature was established according to their modular organization (Figure 1A).
T22-DITOX-H6 is a CXCR4-targeted toxin comprising domains A and B from Corynebacterium
diphtheriae toxin, responsible for cytotoxic and translocation functionalities, respectively. T22-
PE24-H6 is a CXCR4-targeted toxin based in the de-immunized catalytic domain of
Pseudomonas aeruginosa exotoxin A, including a C-terminal KDEL motif to control its
intracellular location. Both constructs were produced and purified as previously described [26].
Protein integrity and purity were assessed by Matrix Assisted Laser Desorption lonization —
Time of Flight (MALDI-TOF) mass spectrometry, SDS-PAGE and Western blot using anti-His
monoclonal antibodies (SC-57598 #B2613, Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Protein concentration was determined by the Bradford assay.

2.2 In silico analyses

Three-dimensional models of monomeric entities were obtained by Robetta comparative
modelling approach [49] through the Robetta web server (http://robetta.bakerlab.org). In both
cases, the full amino acid sequences were introduced as queries. For T22-DITOX-H6, the
template was the catalytic and translocation domains from Corynebacterium diphtheriae toxin
(PDB ID 1MDT, residues 1-386, named here as DITOX) [50]. Likewise, for T22-PE24-H6, the C-
terminal domain of Pseudomonas aeruginosa exotoxin A (PDB ID 11KQ, residues 395-606) was
used [51]. Parameters were set to 100 sampling models, 3 register shifts and a probability of
0.3 of sampling fragments within template regions. Secondary structure of residues 8-10 and
13-15 from both proteins was constrained to a beta sheet, according to its characterized
structure [52]. After the modelling process, candidates were selected according to their
estimated error. UCSF Chimera [53] was used to represent three-dimensional structures

showing their secondary structure and atomic surface.



2.3 Chemical conjugation

FdU refers to a penta-oligonucleotide made of 5 units of 5-fluoro-2’-deoxyuridine (floxuridine)
[32, 34]. T22-PE24-H6 FdU nanoconjugates were generated by the covalent binding of FdU
molecules through protein lysine-amines in a two-step reaction, using a bifunctional cross-
linker as described [47]. In short, thiolated FdU molecules were first reacted with the
maleimide group of a 4-maleimido hexanoic acid N-hydroxy-succinimide ester (EMCS)
bifunctional cross-linker in a 1:1 molar ratio for 10 min at RT. Then FdU-linker molecules were
subsequently reacted with the protein in a 1:5 molar ratio, overnight at room temperature,
generating an amide bond between the ester group of the bifunctional linker and the solvent-
exposed Lysine-amines. Finally, T22-PE24-H6 FdU were dialyzed against their storage buffer
(sodium carbonate buffer, 166 mM NaHCOs, pH 8) using 12-14 MWCO membranes to remove
remaining free FdU molecules and centrifuged at 15,000 g during 15 min to remove insoluble
aggregates. The average conjugation efficiency was calculated by dividing the number of FdU
molecules attached in the main population by the ratio of FdU molecules in reaction (1:5). The

concentration of each protein in formulation was set to 2 mg/mL.

T22-DITOX-H6 was conjugated with maleimide functionalized Monomethyl Auristatin E (MC-
MMAE, 911 g/mol, Levena Biopharma) through solvent solvent-exposed lysine-amines at four
different protein : MC-MMAE molar ratios (1:5, 1:10, 1:20, 1:50) upon incubation for 4 h at
room temperature in one-pot reaction [45]. As in FdU conjugates, T22-DITOX-H6 MMAE
conjugates were then dialyzed against sodium carbonate buffer, using 12-14 MWCO
membranes to remove non-reacted free MC-MMAE molecules, and finally centrifuged at
15,000 g during 15 min to remove insoluble aggregates. The average conjugation efficiency
was calculated by dividing the number of MMAE molecules attached in the main population by
the ratio of MMAE molecules in reaction at each case. The concentration of each protein in

formulation was set to 2 mg/mL.

2.4 Physicochemical characterization

The molecular weight of protein conjugates was measured by MALDI-TOF, SDS-PAGE and anti-
His Western blot, as done for purified proteins before conjugation. The Bradford assay was
used to measure protein concentration. The ratio of FdU or MMAE units per protein was
estimated through the analysis of MALDI-TOF spectra, taking into account their respective

molecular weights. Volume size distribution and Z potential of proteins before and after drug



conjugation were measured in triplicate by Dynamic Light Scattering (DLS) and Electrophoretic
Light Scattering (ELS) respectively, at 633 nm, in a Zetasizer Nano ZS (Malvern Instruments
Limited, Malvern, Worcestershire, UK). Experiments were performed at pH 8.0. Circular
dichroism measurements were made with a JASCO J-715 spectropolarimeter (JASCO,
Oklahoma City, OK) using a 0.2 mm path length quartz cell. Each spectrum was an average of
ten scans. The protein concentration was adjusted to 0.2 mg/mL in sodium carbonate buffer,
at pH 5.6 or pH 8 respectively. Scan speed was set at 50 nm/min with a 1 s response time.
Measurements were obtained as ellipticity in millidegrees (mdeg) in the 200-260 nm region.
The spectra were processed through a negative exponential with a sampling proportion of 0.1

and 1 polynomial degree.

2.5 Cell culture

CXCR4* Hela (ATCC® CCL-2™), CXCR4* THP-1 (acquired from Leibniz Institute DSMZ-German
Collection of Microorganisms and Cell Cultures, Braunschweig, Germany), CXCR4 SW1417
(ATCC® CCL-238™) and CXCR4™ PANC-1 cells (ATCC® CRL-1469™) were used for the functional
characterization of protein and protein conjugates in vitro. HeLa and THP-1 cells were
maintained in MEM-a and RPMI-1640 culture media respectively supplemented with 10 %
fetal calf serum (Gibco, Thermo Fisher, Waltham, MA, USA). SW1417 and PANC-1 cells were
maintained in DMEM supplemented with 10 % fetal calf serum. HelLa and THP-1 cells were
cultured at 37 2Cin a 5 % humidified atmosphere, while SW1417 and PANC-1 were cultured at
37 2Cin a 10 % humidified atmosphere.

2.6 Characterization of cellular expression of CXCR4

To detect cell surface expression of CXCR4 in each cell line, fluorescence-activated cell sorting
(FACS) analysis was performed as described [54]. Cell Quest Pro software (BD Biosciences, San
Jose, CA, USA) was used to analyze data and results were expressed as mean fluorescence
intensity (MFI) + standard error of the mean (SEM). Two technical and two biological replicates

were performed for each cell line. CXCR4 levels are shown in Supplementary Figure 1A.

2.7 Cell viability assay

Cytotoxicity of the recombinant protein toxins and their respective nanoconjugates with FdU
or MMAE was determined by a CellTiter-Glo® Luminiscent Cell Viability Assay (Promega,
Madison, WI, USA), carried out as previously described [46]. For that, HeLa or THP-1 cells were



cultured in opaque-walled 96-well plates at 3,500 cells/well or 30,000 cells/well respectively
for 24 h at 37 2C until reaching 70 % confluence. Cells were then incubated in presence of
different concentrations (0.1, 0.5, 1, 5, 10 or 20 nM) of protein samples (T22-PE24-H6 and T22-
PE24-H6 FdU for Hela cells and T22-DITOX-H6 and T22-DITOX-H6 MMAE for THP-1 cells) in a
final volume of 0.1 mL for 48 h. As a control, cells were co-incubated in presence of equimolar
concentrations of targeted nanotoxins and the corresponding free drug. CellTiter-Glo ®
Luminiscent Cell Viability Assay reactive was added at each well following supplier instructions.

Experiments were performed in triplicate for each condition.

2.8 Cell death assays

To explore apoptosis, THP-1 cells and Hela cells were seeded in 24-well plates at 75,000
cells/well and 30,000 cells/well respectively and incubated for 24 h at 372C. THP-1 cells were
exposed to T22-DITOX-H6 and T22-DITOX-H6 MMAE nanoconjugates at 20 nM in a final
volume of 0.25 mL, for 24 h. Hela cells were exposed to T22-PE24-H6 and T22-PE24-H6 FdU at
20 nM in a final volume of 0.25 mL, for 48 h. Externalized phosphatidylserine in protein-
exposed cells were detected by Annexin V Detection Kit (eBioscience™, ThermoFisher), and
propidium iodide (PI) was used to track dead cells, following supplier instructions. Experiments
were performed in duplicate for each condition. Cells were analyzed by fluorescence-assisted
cell cytometry (FACS)-Canto system (Beckton Dickinson) and results were processed using
Flowing Software. Quadrants were generated according to control results (Supplementary
Figure 2). Left bottom refers to viable cells (Annexin V negative, Pl negative). Right bottom
refers to cells undergoing early apoptosis (Annexin V positive, Pl negative). Right top refers to
cells undergoing late apoptosis (Annexin V positive, Pl positive). Left top refers to cells

undergoing non-apoptotic cell death (Annexin V negative, Pl positive).

2.9 Statistical analysis

An initial analysis of normality and lognormality was performed to establish data normal
distribution by using Anderson-Darling, D’Agostino & Pearson, Shapiro-Wilk and Kolmogorov-
Smirnov tests. From these premiere results, one-way ANOVA (multiple comparisons) or two-
way ANOVA test was used to determine significances among all parametric data. In those, data
sets were expressed as mean + standard error of the mean (SEM), measurements performed

at least in triplicate (n=3) and significance achieved when (**p < 0.001) or (*p < 0.05).



3. Results and discussion

T22-PE24-H6 and T22-DITOX-H6 are lysine-containing fusion proteins (Figure 1A, B, C) that
when produced in Escherichia coli, self-assemble as regular multimeric nanoparticles with
hydrodynamic sizes around 47 nm (Figure 1C, D). Such nanoparticle dimensions are within the
range described as optimal for interaction with target cells and for subsequent internalization
[55, 56]. Both events are expected to be favored not only because of the size of the material
but also by the multiple display of any cell ligand contained in the oligomeric complex, that
mimics the architecture of viral capsids [57]. Importantly, the Z potential of both particles was
negative and significantly far from zero (Figure 1C). This fact ensured solubility and stability of
the material and it is also expected to prevent the massive aggregation of the nanoparticles

[58, 59], a potential issue regarding further development towards in vivo applications [60, 61].

The assembling process in this platform occurs through the formation of intermediate
oligomers [62], that are detectable as a minor stable population in the case of T22-DITOX-H6
but not in samples of T22-PE24-H6 (Figure 1D). In the modular proteins that act as building
blocks, T22 is a potent ligand of the tumoral marker CXCR4 that is overexpressed in cancer
stem cells in more than 20 human neoplasias, and whose abundance is related to bad
prognosis [63-68]. T22 empowers the nanoparticles with precise binding and CXCR4" cell
internalization selectivity in vitro and excellent tumor targeting and biodistribution in animal
models of human CXCR4* cancers [33, 69]. T22-PE24-H6, that is particularly effective over
human cervix carcinoma epithelial cells (HelLa), is observed here as representative of solid
tumors (Figure 1C). In contrast, T22-DITOX-H6 showed more potent antitumoral effects over
the human monocytic cell line THP-1 derived from the non-solid human acute myeloid

leukemia (AML) (Figure 1C).

The presence of solvent-exposed lysine residues in both proteins prompted to explore the
possibility to use them as anchorage sites for the chemical conjugation of small molecular
weight drugs, to generate dual acting nanoparticles and to reinforce their therapeutic
potential. Pentaoligomers of 5-fluoro-2’-deoxyuridine monophosphate (named here as FdU), a
drug used in the chemotherapy of solid tumors such as colorectal cancer [70-72], were then
selected to be combined with T22-PE24-H6, since this drug is also highly effective over
cultured Hela cells [45]. Under this concept, a conjugation method previously developed to
generate protein FdU nanoconjugates [45, 47] was adapted to T22-PE24-H6 (Figure 2A). The
application of this two-step procedure resulted in a spectrum of complexes, in which those

carrying 1 and 2 bound FdU molecules abounded (Figure 2B), but that also contained



increasing molar amounts of the drug at decreasing proportions (Figure 2B). The average
conjugation efficiency of this reaction was about the 40 %. The conjugation pattern obtained
here was similar to that described by other protein-drug pairs, such antibody-drug conjugates,
which followed a Poisson distribution [73, 74]. The chemical conjugation did not modify the
nanoparticle size (that remained stable at around 47 nm) and only moderately, the surface
charge of the proteins that became slightly more negative (Figure 2C). These data ensured the
stability of the materials even in the resulting hybrid versions and kept the particle size
observed as optimal for interaction with target cells and for further penetrability via
endosomal routes [56]. This size value, slightly higher than 20 nm but still within the
nanoscale, would be also optimal for prolonged circulation upon systemic administration [75].
When the resulting nanoconjugates were tested in Hela cell cultures, the obtained ICso values
were surprisingly lower using the protein alone than when using the nanoconjugate, under an
experimentally robust test (Figure 2D). T22-PE24-H6 FdU nanoconjugates activity remained
dependent on the presence of CXCR4 receptor, as CXCR4  cells viability was not affected when
they were exposed to the highest nanoconjugate concentration used in this study
(Supplementary Figure 1B). When performing a separate analysis of the cytotoxicity associated
to the protein nanoparticle, the drug alone, the conjugate construct and the unconjugated
mixture of protein and chemical drug, we were able to discriminate between the potency of
each component. Under the experimental set up and at 5 nM, T22-PE24-H6 killed around 90 %
of the cultured cells and the free FdU around 80 % (Figure 2E). A mixture of both uncoupled
drugs tended to be more aggressive (even not showing significant differences) than T22-PE24-
H6 alone, indicating a cumulative effect. However, the resulting nanoconjugates were hardly
killing around 50 % of the cells when applied at the same molar concentration, being clearly
less efficient than any of the separated components (Figure 2E). These results, initially
unexpected, might suggest that the chemically coupling of FdU to the nanoparticles reduced
the cytotoxic potential of the oligomerized protein although not that of the attached chemical
partner. Despite being less toxic than protein alone, Hela apoptosis pattern induced by T22-
PE24-H6 FdU was similar to that of the toxin alone (Figure 2 F and Supplementary Figure 2A).
Although only as a tendency, the FdU nanoconjugates seem to promote lower non-apoptotic
cell death and a higher percentage of cells were found in early apoptosis. This may be related

to the activity of FdU as effector in the conjugates.

In a second attempt, MMAE was tested as bound to T22-DITOX-H6. Conjugated Auristatin E is
effective against several types of hematologic tumors such as leukemia and lymphoma [48, 76-

80], and we wondered if the antitumoral activities of T22-DITOX-H6 could be enhanced by the



attached drug. THP-1 monocytes, convenient in vitro models of AML [81] were exposed to T22-
DITOX-H6 MMAE conjugates (Figure 3A). Again, the conjugation resulted in a spectrum of
differently loaded nanoparticles with a conjugation efficiency of 10 % (Figure 3B) whose Z
potential (Figure 3C) and size (Figure 3D) were, in this case, more apparently affected by the
cross-linking process than in the previous nanoconjugate. It must be noted that increasing
amounts of the coupled MMAE, while progressively enlarging the material in a few nm,
reduced the mean standard error of the material size, indicative of a more robust geometry of
the oligomers in form of nanoconjugates. Also, increasing amounts of the coupled drug
progressively reduced the Z potential in a more evident trend than in the PE24-based
construct. However, these modifications were moderate in absolute values and still in the
desirable ranges expected in medically oriented materials [16]. As in the case of T22-PE24-H6
FdU, the presence of the chemical drug minimized the cytotoxic effect of the protein
nanoparticles in a dose-dependent effect (Figure 3E). However, T22-DITOX-H6, free and in a
mixture, showed clear cell killing effects (Figure 3F). At that point, we wondered if the
attached chemical might reduce the conformational flexibility of the protein oligomers [82].
Such a flexibility might be necessary for the membrane translocation of DITOX that occurs in
the endosomal route of cell penetration, during the acidification of endocytic vesicles [83].
Still, both free and conjugated DITOX-based nanoparticles structurally responded to a pH
downshift (Figure 3G), indicating that MMAE did not restrict the conformational versatility of
T22-DITOX-H6. In that case, and contrarily to what had been observed in the previous
construct, the cell death profile promoted by the nanostructured toxins and the
nanoconjugates was dissimilar (Figure 3H, left), indicative of protein inactivation. The negative
impact of the nanoconjugates on cell viability, that majorly occurred via apoptosis,
progressively decreased when increasing the ratio of drug:protein (Figure 3H, right and
Supplementary Figure 2B), what suggested a progressive inactivation of the toxin by
conjugation and a limited effect of the chemical drug in this platform. Again, nanoconjugates

remained CXCR4-dependent (Supplementary Figure 1).

The similar global behavior of PE24- and DITOX-based nanoconjugates regarding their
capability to promote death of target cells, and specially, the progressive inactivation of DITOX
by increasing amounts of coupled MMAE might be indicative of a critical role of lysine residues
in the performance of the toxins, that might be sterically affected by the chemical conjugation
with the drug. The progressive surface charge modification towards negative values observed
in both conjugates, but especially in the DITOX-based construct (Figure 3C) that is richer in

lysine residues (Figure 1), fully support a quenching of the electrostatic charges offered by this



amino acid due to the attached drug. Therefore, functional data presented here suggest that
the formation of the nanoconjugates, with the applied conjugation strategy, probably results
in @ minimized intrinsic activity of the toxins, that are instead fully active in the protein-alone
forms (Figure 1C, 2E and 3F). On the base of these findings, alternative models for the
mechanics of conjugation-mediated reduction of protein cytotoxicity are presented in Figure 4,
for both types of conjugates. The PE24-based construct contains 7 lysine residues (Figure 1A),
distributed in T22, PE24 and KDEL domains (Figure 4A). T22 is responsible for the interaction
with the cell surface receptor CXCR4 and further internalization of the complex [84-86], while
KDEL, a segment from the Shiga toxin, promotes retrograde transport from the endosome to
endoplasmic reticle via Golgi apparatus [87, 88] (Figure 4A). While a blocking of these
functions by the linked FdU might be a potential hypothesis, the even mild effect on cell
viability (Figure 2E) indicates to some extent internalization, since both PE24 and FdU act from
within the cell. On the other hand, many lysine residues of DITOX are located in the vicinity of
the toxin active site (Figure 4B), in a loop critical for cytotoxicity [89](Figure 4C), what would
offer, in this particular case, a more evident support for such possibility. Interestingly, the
conjugation of FdU to T22-GFP-H6 had no important effects of the florescence of the material
[45], being lysine residues not involved in the GFP fluorophore [90] (Figure 4D). Again, this fact
indirectly supports the fact that the chemical binding of a drug through lysines might alter
protein functionality when these residues are critical for protein functionality but not when

this amino acid is far from the active sites of the protein.

In summary, we have proposed a strategy to simultaneously deliver anticancer drug pairs,
composed by a tumor-targeted protein nanoparticle and an antiproliferative drug, with
specific activity for the same type of cancer. By taking this approach, we have constructed
robust protein-based hybrid nanoparticles whose sizes are kept essentially invariable in
comparison with the parental protein-only versions (Figure 2, 3), and in the optimal ranges
regarding interaction with target cells, further penetration [56], and optimal circulation in
blood envisaging future clinical applications [16, 75]. A regular pseudo-spherical geometry, the
absence of important aggregation and a generic diameter between 10 and 100 nm of particles
as those generated in this study favour their permanence in a region of blood vessels known as
cell-free layer, responsable for the extended circulation time and absence of aggregation in
organs such as liver and spleen [91]. Finally, all these properties are found specifically
convenient in the nanomedicines of cancer, since they allow exploiting the enhanced retention
and permeability (EPR) effect [17], preventing, in addition, the renal clearance of free chemical

drugs with sizes below 6-8 nm [92]. On the other hand, DITOX-based nanoparticles are



stabilized by the conjugation of MMAE, as the mean standard error of the material
hydrodynamic size, mainly expanded by a minority population of small nanoparticles (Figure
1D) is largely reduced in presence of increasing drug amounts (Figure 3D). Although the
concept on which the approach is based has been fully validated, we have identified important
bottlenecks in the fabrication process, which were not apparent when linking FdU or MMAE to
a carrier nanoparticle based on GFP. In these cases, fluorescence was conserved and the
functionality of the whole nanoconjugate was excellent both in vitro and in vivo [45, 48].
However, the sensitivity of lysine residues to chemical modification made the modified toxins
suitable as drug carriers but not as active drug effectors. This hypothesis is particularly fitting
in the case of DITOX, in which the active site is particularly enriched in this amino acid (Figure
4B, C). Such limitation might however be overcame by a more precise conjugational chemistry,
taking insights and strategies from antibody-drug conjugates [93-96]. The use of cysteine
residues as anchorage sites or the incorporation of cleavable peptide linkers are among the
most promising approaches, although it might be not applicable to the current platform
because of the disulfide bridges occurring in T22 are relevant for the CXCR4 specificity of the
construct. Other more advanced site-directed conjugation strategies that are currently under
development regarding ADCs [97] would allow to control the exact location of conjugated drug
molecules within the nanostructured protein toxin and avoid its interference over the
therapeutic effect associated to the protein partner of the nanoconjugate. While at the
present stage, the used chemical conjugation might alter the refined cytotoxic activities of the
protein constructs, the simultaneous administration of protein and chemical drugs, results, at
least in cell culture, in a cumulative cytotoxic effect that should be explored in vivo (Figure 2,
3). The combination of protein and non-protein drugs might minimize the acquisition of
pharmacological resistance to antitumoral drugs, an event that is largely affecting the recovery

of oncological patients treated exclusively with conventional chemotherapy [98].



Acknowledgements

We are indebted to Agencia Estatal de Investigacion (AEI) and to Fondo Europeo de Desarrollo
Regional (FEDER) (grant BIO2016-76063-R, AEI/FEDER, UE to AV and grant PID2019-105416RB-
100 to EV), ISCIII (grant P118/00650 to RM), AGAUR (2017SGR-229 to AV and 1027SGR-865 to
RM) and CIBER-BBN (project NANOPROTHER) granted to AV and (project NANOSCAPE) granted
to UU. We are also indebted to CERCA Programme (Generalitat de Catalunya) and the
Networking Research Center on Bioengineering, Biomaterials and Nanomedicine (CIBER-BBN)
that is an initiative funded by the VI National R&D&I Plan 2008—2011, Iniciativa Ingenio 2010,
Consolider Program, CIBER Actions and financed by the Instituto de Salud Carlos Ill, with
assistance from the European Regional Development Fund. Protein production has been
partially performed by the ICTS “NANBIOSIS”, more specifically by the Protein Production
Platform of CIBER in Bioengineering, Biomaterials & Nanomedicine (CIBER-BBN)/ IBB, at the
UAB sePBioEs scientific-technical service (http://www.nanbiosis.es/portfolio/ul-protein-
production-platform-ppp/) and the nanoparticle size analysis by the Biomaterial Processing
and Nanostructuring Unit. Oligo-(FdU)s derivatives were prepared by the Oligonucleotide
Synthesis Platform (https://www.nanbiosis.es/portfolio/u29-oligonucleotide-synthesis-
platform-osp/). Cell culture experiments were performed at SCAC facilities in the UAB.
Molecular graphics and analyses were performed with UCSF Chimera, developed by the
Resource for Biocomputing, Visualization, and Informatics at the University of California, San
Francisco, with support from NIH P41-GM103311. MALDI-TOF experiments were performed at
Unitat d’Espectrometria de Masses de Caracteritzacié Molecular CCiTUB in the UB. AV received
an ICREA ACADEMIA award. UU is supported by Miguel Servet fellowship (CP19/00028) from
ISCIII co-funded by European Social Fund (ESF investing in your future). LSG and HLL were
supported by a predoctoral fellowship from AGAUR (2018FI_B2_00051 and 2019FI_B00352,
respectively) and EVD by a predoctoral fellowship from Ministerio de Ciencia, Innovacion y
Universidades (FPU18/04615).

Disclosure: RM, EV and AV are co-founders of a company developing protein-based
antitumoral drugs.



References

[1] Perez-Herrero E, Fernandez-Medarde A. Advanced targeted therapies in cancer: Drug
nanocarriers, the future of chemotherapy. European journal of pharmaceutics and
biopharmaceutics : official journal of Arbeitsgemeinschaft fur Pharmazeutische
Verfahrenstechnik eV 2015;93:52-79.

[2] Mathijssen RH, Sparreboom A, Verweij J. Determining the optimal dose in the development
of anticancer agents. Nature reviews Clinical oncology 2014;11:272-81.

[3] Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH, Stein KD, Alteri R, Jemal A.
Cancer treatment and survivorship statistics, 2016. CA: a cancer journal for clinicians
2016;66:271-89.

[4] Kroschinsky F, Stolzel F, von Bonin S, Beutel G, Kochanek M, Kiehl M, Schellongowski P,
Intensive Care in H, Oncological Patients Collaborative G. New drugs, new toxicities: severe
side effects of modern targeted and immunotherapy of cancer and their management. Critical
care 2017;21:89.

[5] Raj S, Khurana S, Choudhari R, Kesari KK, Kamal MA, Garg N, Ruokolainen J, Das BC, Kumar
D. Specific targeting cancer cells with nanoparticles and drug delivery in cancer therapy.
Seminars in cancer biology 2019.

[6] Ozturk-Atar K, Eroglu H, Calis S. Novel advances in targeted drug delivery. Journal of drug
targeting 2018;26:633-42.

[7] Verma D, Gulati N, Kaul S, Mukherjee S, Nagaich U. Protein Based Nanostructures for Drug
Delivery. Journal of pharmaceutics 2018;2018:9285854.

[8] Pradeep P, Kumar P, Choonara YE, Pillay V. Targeted nanotechnologies for cancer
intervention: a patent review (2010-2016). Expert opinion on therapeutic patents
2017;27:1005-19.

[9] Lee MS, Dees EC, Wang AZ. Nanoparticle-Delivered Chemotherapy: Old Drugs in New
Packages. Oncology 2017;31:198-208.

[10] Ruoslahti E. Tumor penetrating peptides for improved drug delivery. Advanced drug
delivery reviews 2017;110-111:3-12.

[11] Bobo D, Robinson KJ, Islam J, Thurecht KJ, Corrie SR. Nanoparticle-Based Medicines: A
Review of FDA-Approved Materials and Clinical Trials to Date. Pharmaceutical research
2016;33:2373-87.

[12] Olov N, Bagheri-Khoulenjani S, Mirzadeh H. Combinational drug delivery using
nanocarriers for breast cancer treatments: A review. Journal of biomedical materials research
Part A 2018;106:2272-83.

[13] Kapse-Mistry S, Govender T, Srivastava R, Yergeri M. Nanodrug delivery in reversing
multidrug resistance in cancer cells. Frontiers in pharmacology 2014;5:159.

[14] Gautam A, Kapoor P, Chaudhary K, Kumar R, Open Source Drug Discovery C, Raghava GP.
Tumor homing peptides as molecular probes for cancer therapeutics, diagnostics and
theranostics. Current medicinal chemistry 2014;21:2367-91.

[15] Lépez-Laguna H, Sala R, Sdnchez JM, Alamo P, Unzueta U, Sanchez-Chardi A, Serna N,
Sanchez-Garcia L, Volta-Durdn E, Mangues R, Villaverde A, Vazquez E. Nanostructure
Empowers Active Tumor Targeting in Ligand-Based Molecular Delivery. Particle and Particle
Characterization System 2019.

[16] Jain RK, Stylianopoulos T. Delivering nanomedicine to solid tumors. Nature reviews Clinical
oncology 2010;7:653-64.

[17] Torchilin V. Tumor delivery of macromolecular drugs based on the EPR effect. Advanced
drug delivery reviews 2011;63:131-5.

[18] Nel A, Ruoslahti E, Meng H. New Insights into "Permeability" as in the Enhanced
Permeability and Retention Effect of Cancer Nanotherapeutics. ACS nano 2017;11:9567-9.



[19] Duncan R, Gaspar R. Nanomedicine(s) under the microscope. Molecular pharmaceutics
2011;8:2101-41.

[20] Stefan Wilhelm AJT, Qin Dai, Seiichi Ohta, Julie Audet, Harold F. Dvorak & Warren C. W.
Chan. Analysis of nanoparticle delivery to tumours. Nature Reviews Materials 2016;1.

[21] Shen J, Wolfram J, Ferrari M, Shen H. Taking the vehicle out of drug delivery. Materials
today 2017;20:95-7.

[22] 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. Seminars in cancer
biology 2020.

[23] Casanova |, Unzueta U, Arroyo-Solera I, Cespedes MV, Villaverde A, Mangues R, Vazquez
E. Protein-driven nanomedicines in oncotherapy. Current opinion in pharmacology 2019;47:1-
7.

[24] Serna N, Sanchez-Garcia L, Unzueta U, Diaz R, Vazquez E, Mangues R, Villaverde A.
Protein-Based Therapeutic Killing for Cancer Therapies. Trends in biotechnology 2018;36:318-
35.

[25] Corchero JL, Vazquez E, Garcia-Fruitos E, Ferrer-Miralles N, Villaverde A. Recombinant
protein materials for bioengineering and nanomedicine. Nanomedicine 2014;9:2817-28.

[26] Sanchez-Garcia L, Serna N, Alamo P, Sala R, Cespedes MV, Roldan M, Sanchez-Chardi A,
Unzueta U, Casanova |, Mangues R, Vazquez E, Villaverde A. Self-assembling toxin-based
nanoparticles as self-delivered antitumoral drugs. Journal of controlled release : official journal
of the Controlled Release Society 2018;274:81-92.

[27] Serna N, Alamo P, Ramesh P, Vinokurova D, Sanchez-Garcia L, Unzueta U, Gallardo A,
Cespedes MV, Vazquez E, Villaverde A, Mangues R, Medema JP. Nanostructured toxins for the
selective destruction of drug-resistant human CXCR4(+) colorectal cancer stem cells. Journal of
controlled release : official journal of the Controlled Release Society 2020;320:96-104.

[28] Diaz R, Pallares V, Cano-Garrido O, Serna N, Sanchez-Garcia L, Falgas A, Pesarrodona M,
Unzueta U, Sanchez-Chardi A, Sanchez JM, Casanova |, Vazquez E, Mangues R, Villaverde A.
Selective CXCR4(+) Cancer Cell Targeting and Potent Antineoplastic Effect by a Nanostructured
Version of Recombinant Ricin. Small 2018:e1800665.

[29] Diaz R, Sdnchez-Garcia L, Serna N, Sanchez-Chardi A, Cano-Garrido O, Sanchez JM,
Unzueta U, Vazquez E, Villaverde A. Engineering a recombinant chlorotoxin as cell-targeted
cytotoxic nanoparticles. Science China Materials 2019;62:892-8.

[30] Pesarrodona M, Jauset T, Diaz-Riascos ZV, Sanchez-Chardi A, Beaulieu ME, Seras-Franzoso
J, Sdnchez-Garcia L, Balta-Foix R, Mancilla S, Fernandez Y, Rinas U, Schwartz S, Soucek L,
Villaverde A, Abasolo |, Vazquez E. Targeting Antitumoral Proteins to Breast Cancer by Local
Administration of Functional Inclusion Bodies. Advanced science
2019;https://doi.org/10.1002/advs.201900849.

[31] Sanchez-Garcia L, Sala R, Serna N, Alamo P, Parladé E, Alba-Castelln L, Volta-Durén E,
Sanchez-Chardi A, Unzueta U, Vazquez E, Mangues R, Villaverde A. A refined cocktailing of pro-
apoptotic nanoparticles boosts anti-tumor activity. Acta biomaterialia 2020.

[32] Khor SY, Vu MN, Pilkington EH, Johnston APR, Whittaker MR, Quinn JF, Truong NP, Davis
TP. Elucidating the Influences of Size, Surface Chemistry, and Dynamic Flow on Cellular
Association of Nanoparticles Made by Polymerization-Induced Self-Assembly. Small
2018;14:1801702.

[33] Cespedes MV, Unzueta U, Tatkiewicz W, Sanchez-Chardi A, Conchillo-Sole O, Alamo P, Xu
Z, Casanova |, Corchero JL, Pesarrodona M, Cedano J, Daura X, Ratera |, Veciana J, Ferrer-
Miralles N, Vazquez E, Villaverde A, Mangues R. In vivo architectonic stability of fully de novo
designed protein-only nanoparticles. ACS nano 2014;8:4166-76.

[34] Scott DW, De Groot AS. Can we prevent immunogenicity of human protein drugs? Ann
Rheum Dis 2010;69 Suppl 1:i72-6.



[35] Lopez-Laguna H, Cubarsi R, Unzueta U, Mangues R, Vazquez E, Villaverde A. Endosomal
escape of protein nanoparticles engineered through humanized histidine-rich peptides.
Science China Materials 2020;63:644-53.

[36] Lagasse HA, Alexaki A, Simhadri VL, Katagiri NH, Jankowski W, Sauna ZE, Kimchi-Sarfaty C.
Recent advances in (therapeutic protein) drug development. F1000Research 2017;6:113.
[37] Frejd FY, Kim K-T. Affibody molecules as engineered protein drugs. Experimental &
molecular medicine 2017;49:e306-e.

[38] Tomlinson IM. Next-generation protein drugs. Nature biotechnology 2004;22:521-2.
[39] Mazor R, Onda M, Pastan I. Immunogenicity of therapeutic recombinant immunotoxins.
Immunological reviews 2016;270:152-64.

[40] Tourdot S, Hickling TP. Nonclinical immunogenicity risk assessment of therapeutic
proteins. Bioanalysis 2019;11:1631-43.

[41] Schubert B, Scharfe C, Donnes P, Hopf T, Marks D, Kohlbacher O. Population-specific
design of de-immunized protein biotherapeutics. PLoS computational biology
2018;14:€1005983.

[42] Sanchez-Garcia L, Martin L, Mangues R, Ferrer-Miralles N, Vazquez E, Villaverde A.
Recombinant pharmaceuticals from microbial cells: a 2015 update. Microbial cell factories
2016;15:33.

[43] Usmani SS, Bedi G, Samuel JS, Singh S, Kalra S, Kumar P, Ahuja AA, Sharma M, Gautam A,
Raghava GPS. THPdb: Database of FDA-approved peptide and protein therapeutics. PloS one
2017;12:e0181748.

[44] Agyei D, Ahmed I, Akram Z, Igbal HM, Danquah MK. Protein and Peptide
Biopharmaceuticals: An Overview. Protein and peptide letters 2017;24:94-101.

[45] Cespedes MV, Unzueta U, Avino A, Gallardo A, Alamo P, Sala R, Sanchez-Chardi A,
Casanova I, Mangues MA, Lopez-Pousa A, Eritja R, Villaverde A, Vazquez E, Mangues R.
Selective depletion of metastatic stem cells as therapy for human colorectal cancer. EMBO
molecular medicine 2018;10:pii: e8772.

[46] Serna N, Sanchez JM, Unzueta U, Sanchez-Garcia L, Sanchez-Chardi A, Mangues R,
Vazquez E, Villaverde A. Recruiting potent membrane penetrability in tumor cell-targeted
protein-only nanoparticles. Nanotechnology 2019;30:115101.

[47] Avino A, Unzueta U, Virtudes Cespedes M, Casanova |, Vazquez E, Villaverde A, Mangues
R, Eritja R. Efficient bioactive oligonucleotide-protein conjugation for cell-targeted cancer
therapy. ChemistryOpen 2019;8:382-7.

[48] Pallares V, Unzueta U, Falgas A, Sanchez-Garcia L, Serna N, Gallardo A, Morris GA, Alba-
Castellon L, Alamo P, Sierra J, Villaverde A, Vazquez E, Casanova I, Mangues R. An Auristatin
nanoconjugate targeting CXCR4+ leukemic cells blocks acute myeloid leukemia dissemination.
Journal of hematology & oncology 2020;13:36.

[49] Song Y, DiMaio F, Wang RY, Kim D, Miles C, Brunette T, Thompson J, Baker D. High-
resolution comparative modeling with RosettaCM. Structure 2013;21:1735-42.

[50] Bennett MJ, Eisenberg D. Refined structure of monomeric diphtheria toxin at 2.3 A
resolution. Protein Sci 1994;3:1464-75.

[51] Wedekind JE, Trame CB, Dorywalska M, Koehl P, Raschke TM, McKee M, FitzGerald D,
Collier RJ, McKay DB. Refined crystallographic structure of Pseudomonas aeruginosa exotoxin
A and its implications for the molecular mechanism of toxicity. Journal of molecular biology
2001;314:823-37.

[52] Tamamura H, Imai M, Ishihara T, Masuda M, Funakoshi H, Oyake H, Murakami T, Arakaki
R, Nakashima H, Otaka A, lbuka T, Waki M, Matsumoto A, Yamamoto N, Fujii N.
Pharmacophore identification of a chemokine receptor (CXCR4) antagonist, T22
([Tyr(5,12),Lys7]-polyphemusin Il), which specifically blocks T cell-line-tropic HIV-1 infection.
Bioorganic & medicinal chemistry 1998;6:1033-41.



[53] Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE. UCSF
Chimera--a visualization system for exploratory research and analysis. Journal of
computational chemistry 2004;25:1605-12.

[54] Falgas A, Pallares V, Unzueta U, Céspedes MV, Arroyo-Solera |, Moreno MJ, Sierra J,
Gallardo A, Mangues MA, Vazquez E, Villaverde A, Mangues R, Casanova |. A CXCR4-targeted
nanocarrier achieves highly selective tumor uptake in diffuse large B-cell lymphoma mouse
models. Haematologica 2020;105:741-53.

[55] Jiang W, Kim BY, Rutka JT, Chan WC. Nanoparticle-mediated cellular response is size-
dependent. Nature nanotechnology 2008;3:145-50.

[56] Shang L, Nienhaus K, Nienhaus GU. Engineered nanoparticles interacting with cells: size
matters. J Nanobiotechnology 2014;12:5.

[57] Unzueta U, Cespedes MV, Vazquez E, Ferrer-Miralles N, Mangues R, Villaverde A. Towards
protein-based viral mimetics for cancer therapies. Trends in biotechnology 2015;33:253-8.

[58] Bagwe RP, Hilliard LR, Tan W. Surface Modification of Silica Nanoparticles to Reduce
Aggregation and Nonspecific Binding. Langmuir : the ACS journal of surfaces and colloids
2006;22:4357-62.

[59] Sameut Bouhaik I, Leroy P, Ollivier P, Azaroual M, Mercury L. Influence of surface
conductivity on the apparent zeta potential of TiO2 nanoparticles: Application to the modeling
of their aggregation kinetics. Journal of colloid and interface science 2013;406:75-85.

[60] Falahati M, Attar F, Sharifi M, Haertlé T, Berret J-F, Khan RH, Saboury AA. A health concern
regarding the protein corona, aggregation and disaggregation. Biochimica et Biophysica Acta
(BBA) - General Subjects 2019;1863:971-91.

[61] Murugadoss S, Brassinne F, Sebaihi N, Petry J, Cokic SM, Van Landuyt KL, Godderis L, Mast
J, Lison D, Hoet PH, van den Brule S. Agglomeration of titanium dioxide nanoparticles increases
toxicological responses in vitro and in vivo. Particle and fibre toxicology 2020;17:10.

[62] Pesarrodona M, Crosas E, Cubarsi R, Sanchez-Chardi A, Saccardo P, Unzueta U, Rueda F,
Sanchez-Garcia L, Serna N, Mangues R, Ferrer-Miralles N, Vazquez E, Villaverde A. Intrinsic
functional and architectonic heterogeneity of tumor-targeted protein nanoparticles. Nanoscale
2017;9:6427-35.

[63] Murakami T, Maki W, Cardones AR, Fang H, Tun Kyi A, Nestle FO, Hwang ST. Expression of
CXC chemokine receptor-4 enhances the pulmonary metastatic potential of murine B16
melanoma cells. Cancer research 2002;62:7328-34.

[64] Kulbe H, Levinson NR, Balkwill F, Wilson JL. The chemokine network in cancer--much more
than directing cell movement. The International journal of developmental biology
2004;48:489-96.

[65] Balkwill F. The significance of cancer cell expression of the chemokine receptor CXCR4.
Seminars in cancer biology 2004;14:171-9.

[66] Kim J, Takeuchi H, Lam ST, Turner RR, Wang HJ, Kuo C, Foshag L, Bilchik AJ, Hoon DS.
Chemokine receptor CXCR4 expression in colorectal cancer patients increases the risk for
recurrence and for poor survival. J Clin Oncol 2005;23:2744-53.

[67] Croker AK, Allan AL. Cancer stem cells: implications for the progression and treatment of
metastatic disease. Journal of cellular and molecular medicine 2008;12:374-90.

[68] Zhang Z, Ni C, Chen W, Wu P, Wang Z, Yin J, Huang J, Qiu F. Expression of CXCR4 and
breast cancer prognosis: a systematic review and meta-analysis. BMC cancer 2014;14:49.

[69] Rueda F, Cespedes MV, Conchillo-Sole O, Sanchez-Chardi A, Seras-Franzoso J, Cubarsi R,
Gallardo A, Pesarrodona M, Ferrer-Miralles N, Daura X, Vazquez E, Garcia-Fruitos E, Mangues
R, Unzueta U, Villaverde A. Bottom-Up Instructive Quality Control in the Biofabrication of
Smart Protein Materials. Advanced materials 2015;27:7816-22.

[70] Bracht K, Nicholls AM, Liu Y, Bodmer WF. 5-Fluorouracil response in a large panel of
colorectal cancer cell lines is associated with mismatch repair deficiency. British journal of
cancer 2010;103:340-6.



[71] Collura A, Lagrange A, Svrcek M, Marisa L, Buhard O, Guilloux A, Wanherdrick K, Dorard C,
Taieb A, Saget A, Loh M, Soong R, Zeps N, Platell C, Mews A, lacopetta B, De Thonel A,
Seigneuric R, Marcion G, Chapusot C, Lepage C, Bouvier AM, Gaub MP, Milano G, Selves J,
Senet P, Delarue P, Arzouk H, Lacoste C, Coquelle A, Bengrine-Lefevre L, Tournigand C, Lefevre
JH, Parc Y, Biard DS, Flejou JF, Garrido C, Duval A. Patients with colorectal tumors with
microsatellite instability and large deletions in HSP110 T17 have improved response to 5-
fluorouracil-based chemotherapy. Gastroenterology 2014;146:401-11 el.

[72] Lee JJ, Beumer JH, Chu E. Therapeutic drug monitoring of 5-fluorouracil. Cancer
chemotherapy and pharmacology 2016;78:447-64.

[73] Kim MT, Chen Y, Marhoul J, Jacobson F. Statistical modeling of the drug load distribution
on trastuzumab emtansine (Kadcyla), a lysine-linked antibody drug conjugate. Bioconjugate
chemistry 2014;25:1223-32.

[74] Goldmacher VS, Amphlett G, Wang L, Lazar AC. Statistics of the distribution of the
abundance of molecules with various drug loads in maytansinoid antibody-drug conjugates.
Molecular pharmaceutics 2015;12:1738-44.

[75] Duan X, Li Y. Physicochemical Characteristics of Nanoparticles Affect Circulation,
Biodistribution, Cellular Internalization, and Trafficking. Small 2013;9:1521-32.

[76] Doronina SO, Toki BE, Torgov MY, Mendelsohn BA, Cerveny CG, Chace DF, DeBlanc RL,
Gearing RP, Bovee TD, Siegall CB, Francisco JA, Wahl AF, Meyer DL, Senter PD. Development of
potent monoclonal antibody auristatin conjugates for cancer therapy. Nature biotechnology
2003;21:778-84.

[77] Li D, Poon KA, Yu SF, Dere R, Go M, Lau J, Zheng B, Elkins K, Danilenko D, Kozak KR, Chan P,
Chuh J, Shi X, Nazzal D, Fuh F, McBride J, Ramakrishnan V, de Tute R, Rawstron A, Jack AS,
Deng R, Chu YW, Dornan D, Williams M, Ho W, Ebens A, Prabhu S, Polson AG. DCDT2980S, an
anti-CD22-monomethyl auristatin E antibody-drug conjugate, is a potential treatment for non-
Hodgkin lymphoma. Molecular cancer therapeutics 2013;12:1255-65.

[78] Li ZH, Zhang Q, Wang HB, Zhang YN, Ding D, Pan LQ, Miao D, Xu S, Zhang C, Luo PH,
Naranmandura H, Chen SQ. Preclinical studies of targeted therapies for CD20-positive B
lymphoid malignancies by Ofatumumab conjugated with auristatin. Investigational new drugs
2014;32:75-86.

[79] Law CL, Cerveny CG, Gordon KA, Klussman K, Mixan BJ, Chace DF, Meyer DL, Doronina SO,
Siegall CB, Francisco JA, Senter PD, Wahl AF. Efficient elimination of B-lineage lymphomas by
anti-CD20-auristatin conjugates. Clinical cancer research : an official journal of the American
Association for Cancer Research 2004;10:7842-51.

[80] Lambert JM, Morris CQ. Antibody-Drug Conjugates (ADCs) for Personalized Treatment of
Solid Tumors: A Review. Advances in therapy 2017;34:1015-35.

[81] Beum PV, Kennedy AD, Williams ME, Lindorfer MA, Taylor RP. The shaving reaction:
rituximab/CD20 complexes are removed from mantle cell lymphoma and chronic lymphocytic
leukemia cells by THP-1 monocytes. Journal of immunology 2006;176:2600-9.

[82] Sanchez JM, Sanchez-Garcia L, Pesarrodona M, Serna N, Sanchez-Chardi A, Unzueta U,
Mangues R, Vazquez E, Villaverde A. Conformational Conversion during Controlled
Oligomerization into Nonamylogenic Protein Nanoparticles. Biomacromolecules 2018;19:3788-
97.

[83] Kyrychenko A, Lim NM, Vasquez-Montes V, Rodnin MV, Freites JA, Nguyen LP, Tobias D,
Mobley DL, Ladokhin AS. Refining Protein Penetration into the Lipid Bilayer Using Fluorescence
Quenching and Molecular Dynamics Simulations: The Case of Diphtheria Toxin Translocation
Domain. The Journal of Membrane Biology 2018;251:379-91.

[84] Unzueta U, Cespedes MV, Ferrer-Miralles N, Casanova |, Cedano J, Corchero JL, Domingo-
Espin J, Villaverde A, Mangues R, Vazquez E. Intracellular CXCR4(+) cell targeting with T22-
empowered protein-only nanoparticles. International journal of nanomedicine 2012;7:4533-
44,



[85] Tamamura H, Kuroda M, Masuda M, Otaka A, Funakoshi S, Nakashima H, Yamamoto N,
Waki M, Matsumoto A, Lancelin JM, Kohda D, Tate S, Inagaki F, Fujii NI. A comparative study of
the solution structures of tachyplesin | and a novel anti-HIV synthetic peptide, T22 ([Tyr5,12,
Lys7]-polyphemusin Il), determined by nuclear magnetic resonance. Biochimica et biophysica
acta 1993;1163:209-16.

[86] Tamamura H, Arakaki R, Funakoshi H, Imai M, Otaka A, Ibuka T, Nakashima H, Murakami
T, Waki M, Matsumoto A, Yamamoto N, Fujii N. Effective lowly cytotoxic analogs of an HIV-cell
fusion inhibitor, T22 ([Tyr5,12, Lys7]-polyphemusin Il). Bioorganic & medicinal chemistry
1998;6:231-8.

[87] Bard F, Mazelin L, Pechoux-Longin C, Malhotra V, Jurdic P. Src regulates Golgi structure
and KDEL receptor-dependent retrograde transport to the endoplasmic reticulum. The Journal
of biological chemistry 2003;278:46601-6.

[88] Luong P, Li Q, Chen PF, Wrighton PJ, Chang D, Dwyer S, Bayer MT, Snapper SB, Hansen SH,
Thiagarajah JR, Goessling W, Lencer WI. A quantitative single-cell assay for retrograde
membrane traffic enables rapid detection of defects in cellular organization. Molecular biology
of the cell 2020;31:511-9.

[89] Choe S, Bennett MJ, Fujii G, Curmi PMG, Kantardjieff KA, Collier RJ, Eisenberg D. The
Crystal-Structure of Diphtheria-Toxin. Nature 1992;357:216-22.

[90] Cody CW, Prasher DC, Westler WM, Prendergast FG, Ward WW. Chemical structure of the
hexapeptide chromophore of the Aequorea green-fluorescent protein. Biochemistry
1993;32:1212-8.

[91] Blanco E, Shen H, Ferrari M. Principles of nanoparticle design for overcoming biological
barriers to drug delivery. Nature biotechnology 2015;33:941-51.

[92] Feng B, LaPerle JL, Chang G, Varma MV. Renal clearance in drug discovery and
development: molecular descriptors, drug transporters and disease state. Expert opinion on
drug metabolism & toxicology 2010;6:939-52.

[93] Martinez-Jothar L, Doulkeridou S, Schiffelers RM, Sastre Torano J, Oliveira S, van Nostrum
CF, Hennink WE. Insights into maleimide-thiol conjugation chemistry: Conditions for efficient
surface functionalization of nanoparticles for receptor targeting. Journal of controlled release :
official journal of the Controlled Release Society 2018;282:101-9.

[94] Fujiwara Y, Furuta M, Manabe S, Koga Y, Yasunaga M, Matsumura Y. Imaging mass
spectrometry for the precise design of antibody-drug conjugates. Scientific reports
2016;6:24954.

[95] Italia J. A site-specific approach to improved antibody-drug conjugates. J Clin Oncol
2020;38:€13009-¢.

[96] Lee MV, Kaur S, Saad OM. Conjugation Site Influences Antibody-Conjugated Drug PK
Assays: Case Studies for Disulfide-Linked, Self-Immolating Next-Generation Antibody Drug
Conjugates. Analytical chemistry 2020;92:12168-75.

[97] Tsuchikama K, An Z. Antibody-drug conjugates: recent advances in conjugation and linker
chemistries. Protein & cell 2016.

[98] Mansoori B, Mohammadi A, Davudian S, Shirjang S, Baradaran B. The Different
Mechanisms of Cancer Drug Resistance: A Brief Review. Advanced pharmaceutical bulletin
2017;7:339-48.



