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Abstract

Strategies targeting nucleolin have enabled a significant improvement in intracellular bioavailability
of their encapsulated payloads. In this respect, assessment of the impact of target cell heterogeneity
and nucleolin homology across species (structurally and functionally) is of major importance. This
work also aimed at mathematically modelling the nucleolin expression levels at the cell membrane,
binding and internalization of pH-sensitive pegylated liposomes encapsulating doxorubicin and
functionalized with the nucleolin-binding F3 peptide (PEGASEMP), and resulting cytotoxicity

against cancer cells from mouse, rat, canine and human origin.

Herein it was shown that nucleolin expression levels were not a limitation on .the continuous
internalization of F3 peptide-targeted liposomes, despite the saturable nature of the binding
mechanism. Modeling, enabled the prediction of nucleolin-mediatedtotal doxorubicin exposure
provided by the experimental settings of the assessment of PEGASEMP’s impact on cell death. The
former increased proportionally with nucleolin-binding sites,”a measure relevant for patient
stratification. This pattern of variation was observed forsthe resulting cell death in non-saturating
conditions, depending on the cancer cell sensitivity to doxorubicin. This approach differs from
standard determination of cytotoxic concentrations, which normally report values of incubation doses
rather than the actual intracellular bioactivedrug exposure. Importantly, in the context of
development of nucleolin-based targeted drug delivery, the structural nucleolin homology (higher
than 84%) and functional similarity across species presented herein, emphasized the potential to use

toxicological data and other metrics from lower species to infer the dose for a first-in-human trial.
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Introduction

Liposomal doxorubicin demonstrates an improved safety profile over conventional free doxorubicin
in patients [1]. However, those with breast or ovarian cancer did not benefit from improved efficacy
relative to free doxorubicin, in contrast with preclinical data. These results demonstrate the need to
engineer alternative mechanisms that go beyond classical EPR (Enhanced Permeability and
Retention) effect-driven accumulation in solid tumors [2]. By exploring the receptor-ligand
interaction mechanism, significant advances in efficacy may be achieved from improvement of
associated drug bioavailability at the tumor site and/or accumulation of ligand-mediated targeted
nanoparticle [3]. To this end, various nanotechnology-based targeting strategies have been explored
at the pre-clinical level. A large body of work on the characterization of target receptor-nanoparticle
interactions has been generated for HER2 antibody-targeted liposomal doxoerubicin (MM-302, from
Merrimack Pharmaceuticals). These studies aimed at gaining a better understanding of which tumors
would be most susceptible to treatment and with which non-target tissues putative interactions would

occur [4]. Additionally, the receptor HER2 has also been explored-at the clinical level [5].

Nucleolin is being explored as a novel target for different innovative therapeutic strategies [6, 7].
Nucleolin is a nucleolar protein involved in various cellular functions that control nucleic acid
metabolism, cell cycle, microtubule nucleation'and nucleolus structure [8-10]. Its overexpression has
been identified in several neoplasias, suggestingits role as an unfavorable prognostic factor [11-15].
In fact, under pathological conditions; it can drive tumorigenesis by promoting invasion and
angiogenesis [16]. Furthermore, the increased localization of nucleolin in the cell membrane, in both
cancer cells and the endothelial cells of tumor angiogenic blood vessels, modulates the internalization

of different ligands and nucleus-cytoplasm-membrane shuttling [17-19].

Different drug delivery strategies targeting nucleolin have actually benefited from this mechanism,
as it enables a significant improvement in intracellular bioavailability of their encapsulated payloads
[2, 7, 18]. Thus, characterizing and modelling the interactions between nucleolin and a nucleolin-
binding nanoparticle, such as via the F3 peptide [17, 20], across cancer cells of different species with
different surface nucleolin expression levels, is of major importance. This will enable better
assessments of the impact of target cell heterogeneity and nucleolin homology across species
(structurally and functionally). Such an approach, and modelling in particular, may also enable the
optimization of patient stratification, with translation into efficacy and safety gains, while providing

information for clinical development decisions [4].

Accordingly, the objective of this work was to characterize and mathematically model the interaction

between nucleolin expression levels at the cell membrane, binding and internalization of pH-sensitive
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pegylated liposomes encapsulating doxorubicin and functionalized with the nucleolin-binding F3
peptide (PEGASEMP) [7] and resulting cytotoxicity against breast cancer cells from mouse, canine
and human origin. Nucleolin trafficking, liposome binding, and drug distribution mechanisms have
all been modeled as systems of nonlinear ordinary differential equations as previously described [21].
A single model was developed to capture the behavior in the different cancer cell lines with adjusted
parameterizations depending on the species and the particular cell line. This enabled direct
comparisons between cell line behaviors, including at a foundational mechanistic level. Altogether,
it was possible to probe the relation between nucleolin cell surface density to cellular association,
internalization, and cell killing of liposomes targeted by the nucleolin-binding F3.peptide in cancer

cells from diverse species.

Material and Methods

Materials

4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 2-(N-morpholino)ethanesulfonic acid
(MES), disodium ethylenediaminetetraacetate dehydrate (EDTA), sodium chloride, 3p-hydroxy-5-
cholestene-3-hemisuccinate (CHEMS) and cholesterol (CHOL) were purchased from Sigma-Aldrich
(USA). The lipids 2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEGyy), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000] (DSPE-PEGymaleimide) and 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rho-PE) were
obtained from Avanti Polar Lipids (USA). DSPE-PEG,-F3 was costum synthesized as previously
described [7]. F3 peptide and non-specific peptide (ARALPSQRSR) were custom synthetized by
Genecust (Luxemburg). All other chemicals were of analytical grade purity. Anti-NCL-Alexa®488
antibody [mouse 364-5 clone, lot: GR149756-1] and IgGyy isotype control were from Abcam (UK)
and Affymetrix (USA), respectively. Quantum™ MESF Alexa488-labeled microsphere kit (lot: 1148

was acquired form Bangs Laboratories (USA).

Cell lines and cell culture

Several breast cancer cell lines of different animal origin were used, namely, 4T1 (mouse), MDA-
MB-231 (ATCC) and CMT3 (canine). CMT3 cells were kindly provided by Adelina Gama, from the
Animal and Veterinary Research Centre (CECAV), University of Tras-os-Montes and Alto Douro
(UTAD), Vila Real, Portugal. Even though reclassified [22, 23], MDA-MB-435S cells (human)
(ATCC) are an essential positive control to the study of ligands targeting nucleolin, as the case of the

F3 peptide [17]. All cell lines were cultured in RPMI 1640 (Sigma-Aldrich, USA) supplemented with
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10% (v/v) of heat-inactivated fetal bovine serum (FBS) (Invitrogen, USA), 100 U/ml penicillin, 100

ug/ml streptomycin (Lonza, Switzerland) and maintained at 37°C in a 5% CO, atmosphere.

Liposome preparation

Rhodamine-labeled pH-sensitive liposomes were prepared by the ethanol injection method as
described previously [24]. Briefly, a lipid mixture DOPE:CHEMS:DSPC:CHOL:DSPE-PEG2k
(4:2:2:2:0.18:0.12 molar ratio) and rhodamine-PE (1 mol% relative to total lipid) in absolute ethanol
was dispersed into HBS buffer (25 mM HEPES, 140 mM NaCl, pH 7.4) previously heated at 65°C.
The resulting liposomes were extruded 21 times through 50 nm pore size polycarbonate. membranes
using a LiposoFast Basic mini extruder (Avestin, Canada). The ethanol excess was removed by gel
chromatography in a Sephadex G-50 gel column (Sigma-Aldrich, USA) equilibrated with HBS pH
7.4. To further prepare targeted liposomes, micelles of DSPE-PEG,,—peptide conjugates were post-
inserted onto the liposomal membrane at 2 mol% relative to total<lipid,.upon incubation with pre-
formed liposomes, for 1 h at 50 °C. In respect to the non-targeted counterpart, post-insertion was

performed only with plain DSPE-PEG micelles.

Liposome mean size and polydispersion index (PDI) were measured by light scattering with a N5
particle size analyzer (Beckman Coulter, USA). Final total lipid concentrations were determined upon
quantification of cholesterol using the Liebermann—Burchard method [25]. Absorbance was measured

at 625 nm in a spectrophotometer and the cholesterol content was determined from a standard curve.

F3 peptide-targeted pH-sensitive liposomal doxorubicin (codenamed PEGASEMP, 3 L pilot batch)
was manufactured by ethanol injection method (similar as above) at Evonik Canada (formerly
Northern Lipids, Canada) under Good Manufacturing Practices [7]. Resulting multilamellar vesicles
were extruded through 80 nm membranes to form large unilamellar vesicles (LUVs). Encapsulation
of doxorubicin was performed through remote loading [26]. Sterile filtration was performed before

vial filling [7]. Typical characterization of these liposomes is described elsewhere [7, 24, 26, 27].

In vitro determination of cell surface nucleolin density by flow cytometry

Determination of steady state surface levels of nucleolin is important to anticipate the activity of F3
peptide-targeted liposomes. Accordingly, from 80-90% confluent cell cultures, 2.5x10° 4T1 (mouse),
MDA-MB-231 and MDA-MB-435 (human) and CMT3 (canine), in RPMI 1640 supplemented with
10% (v/v) of heat-inactivated FBS, 100 U/mL penicillin, 100 pg/mL streptomycin, were transferred
into Eppendorf tubes and placed on ice for 20-30 min. Following 3 min centrifugation (170 g), cells
were then resuspended in 200 pL of cold PBS (phosphate buffer saline, pH 7.4) with 1% bovine

serum albumin (PBS-BSA) and maintained on ice for 15-20 min. Cells were further centrifuged for
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3 min at 170 g, resuspended in 100 pL of PBS-BSA containing 16.7 pM of DSPE-PEG,,-F3 micelles
and 10 pg/mL anti-NCL-Alexa®488 antibody, and incubated in ice for 45-60 min. As controls,
untreated cells or cells incubated with IgGyy isotype control, in PBS-BSA containing 16.7 uM of
DSPE-PEG,,-F3 micelles, were used. Cells were washed twice with PBS-BSA, resuspended in 400
pL of PBS-BSA and analyzed by flow cytometry in a BD FACScalibur system (BD Biosciences,
USA). Non-viable cells were excluded using 7-aminoactinomycin D (7-AAD) (Sigma-Aldrich, USA)

aiming at rule out the analysis of intracellular nucleolin.

Estimation of nucleolin cell surface density was performed by comparing the fluorescence values of
Alexa488 in the FL1 channel with standard curves prepared with the Quantum™ MESF Alexa488-
labeled microsphere kit as per manufacturer instructions. With this procedure, the number of
Molecules of Equivalent Soluble Fluorochrome (MESF), a standardized measurement of fluorescence
intensity, was calculated, using QuickCal v2.3 (Bangs Laboratories, USA). The cell Antibody
Binding Capacity (ABC), i.e. the number of antibody molecules bound per cell was determined by
the equation: ABC = MESF/7.46, where the denominator represents the fluorochrome/antibody ratio.
Accordingly, assuming a 1:1 NCL:Antibody binding ratio, the ABC defined the cell surface NCL
density per cell.

Intracellular doxorubicin delivery
For each cell line, 250,000 cells were incubated with PEGASEMP, at 0.4 or 0.8 mM of total lipid (in
fully supplemented RPMI-1640 medium), for 1 h at 37°C. After washing with PBS, doxorubicin

fluorescence was analyzed by flow cytometry.

Association and dissociation studies

The different cells lines were plated in 96-well plates at a density of 50,000 cells/well and allowed to
adhere overnight. Cells were then incubated (from 15 min to 8 h) with serial dilutions of rhodamine-
labeled F3-peptide targeted liposomes (ranging from 0.1 to 1.2 mM total lipid), at 4°C, to decrease
energy-dependent processes thus preventing liposome internalization through endocytosis. As
controls, liposomes functionalized with the non-specific peptide or plain liposomes (without ligand),
and untreated cells [20, 26], were used as controls. Subsequently, cells were washed thrice with cold
PBS. Cells were then lysed with 200 pl of lysis buffer (50 mM Tris-HCI, 150 mM NacCl, 0.1% (m/v)
sodium lauryl sulfate, 5 mM EDTA and 1% (v/v) Triton-X100, pH 8.0) at 4°C. Rhodamine-PE
fluorescence was measured in a SpectraMax Gemini EM plate reader fluorimeter (Molecular Devices,
USA) at Aexcitation 945 NM/Aeission 587 N (Aeyorr 570 nm). The amount of cell-associated lipid was
drawn from rhodamine-PE calibration curves. Results were normalized against the total protein of

each well, determined with the BCA™ Protein Assay Kit (Pierce, ThermoFisher Scientific, USA)
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according to the manufacturer’s protocol and using RIPA buffer to prepare the standards for the

calibration curve.

Internalization studies

The kinetics of PEGASEMP internalization into cancer cells from diverse species was assessed by
comparison with a non-targeted liposomal formulation of doxorubicin. Following the incubation of
50,000 cells with 0.4 mM of PEGASEMP (or control, from 0 to 1.5 h), at 37°C, cell surface-bound
liposomes were removed with low pH buffer (40 mM citric acid, 120 mM NaCl pH 3.0). The total
cell-associated doxorubicin and the internalized fraction were determined by measuring doxorubicin
fluorescence in a SpectraMax Gemini EM plate reader fluorimeter (Molecular Deviees, USA) at

7\'excitaltion 485 nrn/y\'emission 590 nm O\'cutoff 570 nm)'

Cytotoxicity evaluation

To evaluate cell viability, 4000 CMT3 cells, 8000 MDA-MB-435S and MDA-MB-231 cells, and
1500 4T1 cells, were incubated with serial dilutions of PEGASEMP-doxorubicin or non-targeted
liposomes (0.2 to 50 pM), for 1, 4 or 24 h, at 37 °C in an'atmosphere of 5% of CO,, where recovery
time with fresh medium lasted up to 95, 92 or 72 h, respectively. Subsequently, cell viability was
evaluated using the resazurin reduction method.Briefly, cells were incubated with 10% of resazurin
dye in culture medium at 37°C, for 2 h, followed.by absorbance measurement at 540 nm (reduced
form) and 630 nm (oxidized form) in a SpectraMax Gemini EM plate reader fluorimeter (Molecular

Devices, USA). Cell viability was extrapolated from the resazurin reduction using the following

exXpression. [([ 0xi630 X A540 - Doxi540 X A630)treated cells/( joxi630 X A540 - D0xi540 - A630)untreated cells] x 100.

Determination of nucleolin homology across species

Nucleolin amino acid sequences from different animal organs were obtained from Swiss-Prot (human,
Homo sapiens,/UniProtKB-P19338; mouse, Mus musculus, UniProtKB-P09405 and rat, Rattus
norvegicus, UniProtKB-P13383) or TrEMBL protein database (canine, Canis lupus familiaris,
UniProtKB-F1Q0BO0) (http://www.uniprot.org/uniprot/) available from the Universal Protein
Resource (http://www.uniprot.org/). With the exception of canine nucleolin (predicted by automated
computational analysis of its genomic sequence) all other sequences were validated and reviewed by
the Universal Protein Resource (http://www.uniprot.org/). Sequences were aligned using
ClustalOmega version 1.2.1 (http://www.clustal.org/omega/) [28], publicly available in the EBI web
server (The European Bioinformatics Institute, http://www.ebi.ac.uk/Tools/msa/clustalo/). Multiple

alignment analysis was further complemented with Jalview v2.10.5 tool.

Modeling of the dynamics of F3 peptide-targeted nanoparticles
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Kinetic model

The model, based on mass-action kinetics, is composed of three main components: nucleolin
trafficking, multi-tether-based binding of F3 peptide-targeted liposomes, internalization, and cell
death. The complete set of model reactions is shown in Supplementary Table 1 and parameters in

Supplementary Table 2.

Nucleolin trafficking. At the cell surface, nucleolin is modeled as belonging to sites available for
liposome occupation and binding U; the individual binding sites (individual nucleolin) are not
modeled since it has been shown that ligand binding induces nucleolin clustering [29-31] including
the F3 peptide [7]. This model assumes slow nucleolin diffusivity [32, 33], all the way down to

essentially fixed nucleolin molecules in the presence of binding to a large multivalent ligand [34].

Liposome binding. Liposome L is introduced to the system via bulk solution. Given the size of the
liposomes and the experimental conditions, the liposome settles to form a monolayer M on the cell
surface [35, 36]. This is modeled as a first-order process.with a characteristic time 1/ksy.. Only a
fraction fy..1 of monolayer liposomes are accessible to cell surface nucleolin binding sites. The
presence of a liposome at a site occludes other liposomes from occupying and binding to nucleolin
molecules at that site. Liposome-nucleolin binding is modeled by the formation/breaking of
individual tether-nucleolin interactions. The formation of the first tether, indicating the transition to
the first bound state B;, is modeled-as a second-order process, as monolayer liposomes find an
unoccupied site. Subsequent individual tethers 7 form one at a time up to » total tethers according to
a first-order intermolecular process:[33, 37-39]. Tethers also break one at a time according to a first-

order process. The model tracks bound liposome-nucleolin site complexes B; as per-macrostate,
where a macrostateis composed of the (T) microstates with i bound tethers. Each microstate with i

bound tethers has i ways of unbinding and n-i ways of binding. The macroscopic concentrations and
rates are then calculated by summing the microscopic concentrations and rates. Each macrostate B,
thus has.i ways of unbinding and n-i ways of binding. The total number of tethers # is determined
during the parameter fitting process by checking model goodness-of-fit with different n, subject to an

upper bound on accessible tethers calculated from the liposome formulation properties.

Liposome internalization. Each bound liposome-nucleolin state B; is allowed to internalize according
to the standard clathrin-dependent receptor-mediated endocytosis mechanism [40-42]. Although there
are other internalization mechanisms, including fluid-phase endocytosis, the single mechanism was

chosen because it is expected to be the predominant mechanism for nucleolin internalization and for
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the studied liposome concentrations [33, 43-45]. As a simplification, all bound states endocytose

according to a first-order process with the same rate [46].

The resulting endosome is represented by two species, the now-available internalized nucleolin £ and
liposome /). These two components partition into recycling and degradation fates according to rates
kree and kgeg, respectively [33]. Nucleolin and liposome have different partitioning fractions, where
Jraeg and fiqee indicate the fraction with degradation fate. Degraded components are removed from the

cell. Recycled components are returned to the cell surface as unbound states.

The internalized liposome also participates in a drug release fate which releases doxorubicin into the
cell. Internalized doxorubicin is tracked per-liposome (i.e., the cell is exposed to x liposomes
containing doxorubicin over time) as /. Doxorubicin remains in the cell<according to a time delay
represented by a sequence of m first-order reactions, and is then cleared.from the cell. The appropriate
m is determined from fitting the model to internalization data in a-fashion similar to that of n above.
The total internalized doxorubicin, er:o l;, integrated over the experiment duration was used as a
metric of total drug exposure to link to the high-level cell killing model. This metric has previously
been used in studies of doxorubicin's tumor cell killing and cardiotoxicity modes of action [47, 48].
Intracellular trafficking and nuclear localization of doxorubicin is not explicitly modeled because

spatially resolved intracellular doxorubicin levels-were not measured.

In the absence or presence of liposome; cell surface nucleolin molecules participate in the production,
endocytosis, recycling, and degradation'mechanisms [33, 49]. Nucleolin sites are also tracked per-
liposome (i.e., x liposome binding sites' to nucleolin are transited through the cellular dynamics). The
initial unbound surface nucleolin site concentration for each cell line is determined by calculating the

steady-state of just this subset of the model and has the form:

_ Kprod[ frdeg(Kdeg - Krec) + Krec]

(Equation 1)

frdegkdegKendo
The experiments were performed at two temperatures: low temperature (4°C) for association and high
temperature (37°C) for internalization and cell killing. The mechanisms in the model exhibit
temperature dependence, with higher temperatures giving faster rates in general [50]. This is modeled
by adding a temperature scaling factor for the binding/unbinding on/off rates 7y, and nucleolin
dynamics T, (Supplementary Table 2). No additional temperature scaling factor is included for the
internalized liposome and doxorubicin dynamics because these reactions are assumed to take place at

high temperature only [33, 51].

Cell death modeling

© Controlled Release Society

10



The cell death model consists of a Hill function that relates the total internalized drug exposure to

percent cell death [52, 53]:

% Dead = __AUCT (Equation 2)
ECBo + AUC"
It is constrained so that zero exposure produces zero cell death and infinite exposure produces
complete (100%) cell death. The two remaining parameters are the exposure that produces 50% cell
death ECs, and the Hill exponent that controls the steepness of the transition n. The uise of total

exposure as the independent variable allows for comparison of a variety of dosing amounts and times.
Model implementation and fitting

Model parameter fitting was performed in two steps: (1) fit parameters for the nucleolin and liposomal
dynamics model, and (2) fit parameters for the cell killing model. Model construction, fitting,

simulation, and analysis were performed with Matlab 2017b (The MathWorks, Inc., Natick, MA).

The nucleolin and liposomal dynamics model were fit to association and internalization data from all
cell lines tested, at multiple doses, simultaneously comprising 45 experimental conditions. Previous
work by Waters et al. has employed such an overall parameter fitting procedure [54]. For each cell
line, the association data consisted of surface-bound nucleolin concentration over time at five doses,
and the internalization data consisted of surface-bound nucleolin and internalized liposome
concentration over time at two doses each. All species concentrations were converted to count per
cell units. Low-temperature association and high-temperature internalization modes were combined
by augmenting the low-temperature experiments with scaling factors that take on values <1. The

model parameters and scaling factors were fit simultaneously (Supplementary Table 2).

The parameters Aprod, kendo» aNd kiendo Were free to have different values between the cell lines. The

model allows these values to be cell line-specific based on putative differences in cellular activity.

The parameter k. has different values between species. The model allowed the off-rate of the
nucleolin-tether interaction to be species-specific based on differences between nucleolin structure
between species according to the nucleolin homology analysis. The other parameters were shared
between cell lines. The model treated initial cell surface nucleolin concentration according to the
steady-state induced by the model reactions at zero liposome concentration Eq 1. The initial
monolayer and cell surface bound liposome concentrations were fixed at zero for all simulated

conditions, as are all internalized liposome and released product concentrations.
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The model treated measurements of cell surface bound liposome as the sum of all bound species
SiLq1 Bi, i.e., not distinguishing between states of i bound tethers. Similarly, measurements of

internalized liposome were compared to the sum of all released products inside the cell ZJ'W;O lj.

Model parameters were fit to data using generalized least squares according to the objective function:

2 T - X 1

X 0) = e (e)vyle(e) (Equation 3)

e(e) — y(e) _ 9 (Equation 4)
Where 0 is the vector of n parameters, Vg—,:L is the covariance matrix of the measurements and'e(0) is
the difference between the model predictions y(0) and data points y(0). V§/1 is/a square symmetric
positive semi-definite matrix of size ny number of measurements, and €(0); y(8), and y are vectors
of length ny. In this problem, the measurements were assumed independent with diagonal variance
values corresponding to the measured variance from the experimental replicates. For each parameter

fitting problem, all assembled experiments were simulated and optimized simultaneously.

The best-fit parameters were defined as the vector ©. that minimized XZ(G). This nonlinear
optimization was performed using the KroneckerBio toolbox developed in the Tidor Lab with
extensions to support multi-subject simulation »and optimization with hierarchical parameter
dependence (https://github.com/kroneckerbio). Internally the Optimization Toolbox's fmincon was
used to solve the constrained nonlinear optimization problem. Multistart fits -- optimizing Eq 3
multiple times with different starting parameter values B¢ - were performed. The finished fit ensemble
was examined and the best fit;-along with all fits within 2% of the best fit's xz(e) (corresponding to

visually similar traces) were maintained.

The cell killing model's two parameters were fit for each cell line separately. For each experimental
condition of the cell killing assay (1, 4, and 24 h incubation at nine doses each for a total of 27
conditions), the nucleolin and liposomal dynamics model was run using that cell line's parameters to
simulate the species concentrations over time. At the end of the initial incubation time, a wash step
was simulated by adding dummy reactions that rapidly deplete the bulk L and monolayer M
concentrations over 15 min. Then the total internalized doxorubicin erio ljwas integrated until the 72
h time-point to get the total drug exposure AUC. Each such AUC was related to the measured percent
cells killed from the cell killing assay according to Eq 2. The percent of cells killed in each assay
condition was calculated by subtracting the percent cells alive from a control without drug from the

percent cells alive from a trial at each assay condition, averaged over three replicates. The
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optimization of the two parameters ECsy and n was performed using the Matlab Optimization

Toolbox's nonlinear least-squares solver Isqnonlin.
Nucleolin density perturbation analysis

To examine the effect of cell surface nucleolin concentration on association, internalization, and cell
killing, perturbation studies were performed. The steady-state cell surface nucleolin concentration
was multiplied by a scaling factor ranging from 1/3 to 3, and a corresponding model output of interest
was calculated. The calculation was repeated for every member of the good fit parameter ensemble
and the overall range of model outputs was analyzed. For association, the output was the steady-state
surface bound liposomal concentration in the absence and presence of endocytosis (ke,.q, set to zero),
evaluated at a set liposomal concentration. For internalization, the output was the summed flux of all
the endocytosis reactions evaluated at a set liposomal concentration.-A liposomal concentration of
0.4 mM was used for both analyses. For cell killing, the output was the percentage of death cells at

the end of a 72 h period given a set of liposomal dose and ineubation period.

Results

Assessment of nucleolin conservation across species

Nucleolin is a multifunctional protein that-has been identified and sequenced in different mammalian
species, including mouse [55], rat [S6].and human [57]. Thus, information on some of the physical
features of nucleolin from different mammals (human, dog, rat, and mouse) was obtained from public

protein databases (Table 1).

Table 1. Physical characteristics of nucleolin in diverse mammalian species.

UniProtKB No. ofamino Molecular

Organism I*
Entry acids weight (kDa)*
P19338 Homo sapiens (Human) 710 76.61 4.60 [57]
F1Q0B0 Canis familiaris (Dog) 715 77.48* 4.58%* [58]**
P09405 Mus musculus (Mouse) 707 76.72 4.68 [55]
P13383 Rattus norvegicus (Rat) 713 77.15 4.46 [56]

*Molecular weight and theoretical isoelectric point computed from amino acid sequence
(http://www.uniprot.org/uniprot/). **Reference to the article presenting a high-quality draft

genome sequence of the domestic dog, enabling prediction of protein sequence.
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Despite their different origins, nucleolin from these four mammalian species presented a similar
macromolecular structure with a similar number of amino acids, molecular weight and isoelectric
point (Table 1), indicating a high level of sequence conservation and physical-chemical amino acid
properties. In fact, it has been shown that nucleolin extracted from human, hamster or mouse cells
presented the same specificity and affinity towards a mouse RNA fragment, containing a ‘nucleolin
recognition motif [59]. Conservation of the primary structure was further confirmed by multiple
sequence alignment of these four proteins (Figure 1a) and in line with the previously characterized
structural analysis in human, rat and mouse [60, 61]), and biological function as well (for a review

see [61-63]).

Nucleolin multifunctionality arises from the structural organization.of four domains present in all
sequences analyzed: the N-terminal domain composed of highly. acidic regions interspersed with
basic regions and several phosphorylation sites; a nuclear localization signaling domain (NLS); the
central domain containing four RNA-binding domains (RBD); and the C-terminal domain (GAR

domain), rich in glycine, arginine and phenylalanine residues (Figure 1b).

Comparative analysis of protein sequence indicates a relative identity above 84% between nucleolin
from different species (Figure 1c). Among:the sequences analyzed, the highest levels of homology
were between rat and mouse (93%), and human and canine (93%) (Figure 1¢,d). The mouse and rat
nucleolin showed a level of homology with the human nucleolin of 84 and 85%, respectively (Figure
lc,d). Interestingly, most of the substitutions observed among the protein sequences in the different
species were semi-conserved, as the corresponding amino acids preserved the physical-chemical

properties of the original residue (e.g., polarity or acid/base properties, Figure 1d).

Overall, the high sequence conservation of nucleolin among these species may be reflective of similar
structure .and function [59]. Accordingly, the impact of the observed nucleolin homology was
assessed.in the context of the binding and internalization of F3 peptide-targeted pH-sensitive and

pegylated liposomes.
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(b) Schematic representation of nucleolin domains in mammals. Acid/basic region in green, nuclear localization signaling
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Nucleolin relative identity (%) across species from multiple alignment. (d) Detailed amino acid alignment of nucleolin
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across species. Consensus (given by yellow histogram or blue gradient background) was calculated from the multiple

alignment. The different regions of nucleolin are marked using the color scheme from (b).

A single kinetic model to capture the dynamics of F3 peptide-targeted liposomes
binding to cell surface nucleolin

After establishing nucleolin homology and conservation across species, a kinetic computational
model was developed aiming at understanding the various steps underlying the dynamics of
interaction between nucleolin and F3 peptide-targeted liposomes, upon fitting experimental kinetic
data (Fig. 2a) from cells of different origins. The model consists of coupled ordinary differential
equations modeling the concentrations of bulk liposomal suspensions, cell surface and intracellular
nucleolin, and liposome component concentrations according to experimental settings (Supplemental
Table 1). This treats the concentrations of species, including extracellular, bound, and internalized
liposomes, and surface and internalized nucleolin, and others, as time-varying quantities that
interconvert between each other via reactions with specified rates. These reactions can represent
binding and unbinding, transport of species between physical compartments such as endocytosis and
recycling, production and clearance of molecules, and other processes (Supplemental Table 1). The
model was constructed on a per-cell basis, with concentrations indicating counts of species per cell
considering compartments as well-mixed, ignoring spatial dependence (for example, species interact

freely within a cell) except in transport-between compartments.

Initially, a fraction of liposomes (L) settles as a monolayer (M) (f,ceikseme) (Fig. 2a). From this state,
liposomes will occupy a nucleolin binding site (U), which prevents further liposome occupation and
binding. Such modeling of nucleolin, instead of individual molecules, relied on the evidence that
several nucleolin=binding ligands (such as midkine, pleiotrophin or HB-19) promote nucleolin
clustering into. membrane patch-like domains [29-31]. After U site occupation, the first tether is
formed (as By complex) in a second-order process (k,,,) (Fig. 2a). Subsequent tethers form one at a
time'(up to n total tethers) in a first-order intermolecular process (k,,) [33, 37-39]. Each complex B;
(liposome bound to nucleolin-binding site by i tethers) internalizes according to a mechanism based
on clathrin-dependent endocytosis as a first-order process (k..4) (Fig. 2a). The products of this
process are represented by the now-available internalized nucleolin site (£) and liposome (/). The
latter also enabled to track doxorubicin in a per-liposome basis (i.e., the cell is exposed to x liposomes
containing doxorubicin over time) as /;, under a time delayed sequence of m first-order reactions
(Kgelay), that finally end in its clearance from the cell (k) (Fig. 2a). The model also accommodates

both degradation and recycling of nucleolin (f,egkaee and (1-f,4e5)ke) and liposomes (fizeokseq and (1-
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Jideg)krec). The same model topology is used for all cell types, but cell-specific parameters required

estimation.

The model informing and fitting was performed over data collected from in vitro kinetic experiments
on F3 peptide-targeted liposomes fluorescently labeled with rhodamine or loaded with doxorubicin
(the latter named PEGASEMP) with 4T1 (mouse), MDA-MB-231 (human), MDA-MB-435S
(human) and CMT3 (canine) cancer cell lines (Supplementary Fig. 1). The human MDA-MB-435S
cancer cell line was used as a positive control for nucleolin expression throughout experiments; as
the initial characterization of nucleolin-binding F3 peptide was performed with it [17,20]. In each
case, the corresponding lipid or doxorubicin doses were converted to a nominal number.of liposomes
and further normalized to cell number (i.e., x liposomes containing doxorubicinper cell) according

to the surface area method [64].

At 4°C, a temperature not permissive to endocytosis [26], the binding of F3 peptide-targeted
rhodamine labeled liposomes to cell surface nucleolin reflected a saturation across the cell lines
tested, at the different liposomal densities incubated, which was generally described by the model
(Fig. 2b, Supplementary Fig. 2). Interestingly though; the level at which the saturation plateau was
reached depended on the incubated liposome=density, stabilizing at a value above 8.48x10°
liposomes/cell (Fig. 2b). Nevertheless, the modelpredicted that the total surface bound liposome
reached a plateau within 2 h, regardless‘the cell line or liposome density (Fig. 2b). At a temperature
permissive to endocytosis (37°C), despite the underestimation provided by the model (Supplementary
Fig. 3), binding is also a saturable mechanism (Fig. 2c). Yet, nucleolin still enables the continued
cellular internalization of PEGASEMP (F3 peptide-targeted liposomes loaded with doxorubicin) at a
biphasic rate: fast over the first 20 min and slower beyond, the latter matching binding saturation
(Fig. 2b). In contrast, the non-targeted doxorubicin-loaded liposomes exhibited similar profiles for
binding and internalization kinetics, reflecting a non-active and stochastic nature of their interaction

(Fig. 2¢).

Altogether; the modeling indicated that binding to nucleolin is both time and liposomal dose
dependent, yet it is not a limitation on the continuous internalization of bound F3 peptide-targeted

nanoparticles.
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Fig. 2 Modeling binding and internalization of liposomes targeted by the nucleolin-binding F3 peptide. (a) The proposed
multistep model for the binding and internalization of F3 peptide-targeted liposomes. 1) Liposomes (L), introduced in the

system as bulk suspension, sediment (k) to form a monolayer (M) on the cell surface. 2) Nucleolin is modeled as part of
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binding sites (U) available for liposome occupation and binding, further occluding additional liposome binding onto the
correspondent binding site. 3) The liposome-nucleolin binding is modeled as individual tether-nucleolin microstates forming
a complex (B;). 4) Each bound liposome-nucleolin site complex (B;) is then internalized according the standard clathrin-
dependent endocytosis mechanism as first-order process (keu4,). 5) The resulting endosome is represented by the now-
available internalized nucleolin (£) and liposome (/y), which undergoes recycling (k..) and degradation (kzg). 6) The
liposome 1, also enables the tracking of doxorubicin release fate on a per-liposome basis (i.e., cell is exposed to x liposomes
containing doxorubicin) represented as m first-order reactions (Kgeqy), including cell clearance (k.eq,). (b) Levels of surface-
bound, rhodamine-labelled, F3 peptide-targeted liposome over time upon incubation with 4T1, MDA-MB-231, MDA-MB-
435S and CMT3 cell lines at the indicated liposome densities at 4°C. (c) Surface-bound and internalized levels of
PEGASEMP (orange) or non-targeted liposomes (blue) as a function of time after incubation with 4T1, MDA=MB-231,
MDA-MB-435S and CMTS3 cell lines with 8.48x10° liposomes/cell at 37°C. The symbols indicate themean of experimental
measured data £ SD (n=3). The ensemble's mean simulated liposome concentration over time-is shown as the solid lines

and SD as the shaded region.

Modeling the effect of the nucleolin/F3 peptide dynamics on doxorubicin exposure and
cell death

After modeling the kinetic interaction of F3 peptide-targeted liposomes with cells expressing different
molecular levels of surface nucleolin (Fig. 2), it was important to understand how this would translate
into the actual cell exposure to delivered doxorubicin, and how in turn this would correlate with

cancer cell death.

The model captured the biological mechanisms of nucleolin and F3 peptide-targeted liposome
dynamics on the time scale of seconds to hours and was readily parameterized using the kinetic studies
performed in this work (Fig. 2):"However, cell killing behavior, which takes place on a time scale of
hours to days, does mot have detailed kinetic measurements, and thus is more readily captured by a
coarser-grained:model. Commonly, this pharmacodynamic effect is modeled by relating the area
under the .curve (AUC) of drug concentration from a pharmacokinetic model (in this case, the
nucleolin and liposome dynamics model that yields the internalized doxorubicin concentration over
time) to the cell death data [65]. The AUC constitutes an overall drug exposure metric calculated
from an experimental condition. A simple expression, a Hill function, is then used to relate this drug

exposure metric to cell killing [52].

According to the kinetic modeling of PEGASEMP binding and internalization (Fig. 2), the cell
exposure to doxorubicin, mediated by PEGASEMP, at the different conditions used (incubation time
and liposome dose), was modeled. It was reduced to a single dimension as the total doxorubicin

exposure (AUC) (as x liposomes containing doxorubicin per cell at a given time), as a function of
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liposome dose, following the conditions explored in the experimental determination of PEGASEMP’s
impact on cell death. For each cell line tested, the simulation demonstrated that the higher the
liposome dose and the longer the incubation period, the larger the total doxorubicin exposure (Fig.
3a). In fact, the MDA-MB-231 cell line demonstrated the lowest exposure to doxorubicin, in contrast

with CMT3 cells (Fig. 3a).

Such modeling enabled the prediction of nucleolin-mediated total doxorubicin exposure provided by
the experimental settings of the assessment of PEGASEMP’s impact on cell death, andthus
extrapolation of global cell sensitivity to PEGASEMP. This approach actually differs from standard
determination of effective cytotoxic concentrations, which normally reports values of incubation
doses (from dose-response curves) rather than the actual intracellular bioactive drug exposures [66].
Accordingly, for each cell line tested, the measured cell death increased with total doxorubicin
exposure (provided by liposomal dose and incubation time), as expected, and was accurately
described by the Hill function [52] (equation 2, Materials and Methods section) (Fig. 3b). This
enabled determination of important treatment sensitivity parameters, such as ECs, (effective
doxorubicin exposure that enabled 50% cell death)'and the Hill exponent n (curve steepness, hence
sensitivity). In this respect, the 4T1 cell line was the most sensitive to PEGASEMP, as indicated by
the higher n, as compared to the other cell lines (Fig. 3b). Furthermore, the ECs, among the cell lines

tested spanned from 1.3 to 4.6 x 10*liposomes.cell-'.h containing doxorubicin (Fig. 3b).

Altogether, a mean of 2.4x10* + 1.3x10*%liposomes.cell-l.h containing doxorubicin eliciting 50% of

cell death was determined from the modeling used, irrespective of cell sensitivity to doxorubicin.
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Hill exponent (n) that defines function steepness.
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Impact of the number of nucleolin-binding sites on in vitro biological outcomes of F3
peptide-mediated drug delivery

Establishing the impact of the level of expression of nucleolin-binding sites on the resulting
pharmacodynamic interaction of the liposome with the target cell is critical, especially when tumors

exhibit heterogeneity in such marker expression [24].

Accordingly, from the part of the model for PEGASEMP interaction with cell surface nucleolin, (Fig.
4a) plus parameters fit from above data, the probability density distribution for steady state surface
nucleolin patch-like binding sites (U,) was calculated according to Equation 1 (see Materials and
Methods section) for each cell line. For 4T1, MDA-MB-231 and MDA-MB-435S cancer cells,
nucleolin-binding sites ranged between 1.3 and 2.2 x 10° sites/cell, while 2.5 10° sites/cell were
determined for CMT3 cells (Fig. 4b). These results, altogether, were in line with the determined trend
on cell surface nucleolin density by flow cytometry (Fig. 4c) and liposome-interaction kinetics (Fig.

2).

To understand the impact of the number of nucleolin binding sites (Uy) on relevant output parameters,
a perturbation analysis of U, was performed by multiplying nucleolin production rate k,,,, by a scaling
factor ranging from 1/3 to 3 and recording the resulting distribution of outputs (e.g., liposome bound
to the surface). Under saturating conditions (413,897 liposomes/cell for 4 h), F3 peptide-targeted
liposomes binding at the cell surface and total drug exposure mainly varied proportionally as a
function of the variation of U, (Fig.4d, e). Interestingly, the increase of surface bound liposome
resulting from an increase in U, exhibited a smaller variation in the presence of endocytosis relative
to its absence (k,..q, = 0) (Fig. 4d), a difference reflecting the spatial constraints of liposome binding

in the absence of internalization.

A different perturbation behavior was observed for cell death. Under saturating exposures (413,897
liposomes/cell or 6,622,356 liposomes/cell for 4 or 24 h, respectively), U, variation had a minimal
impaction cell death for the cell lines tested, as those conditions provided more than 85% of cell death
(Fig. 4f and inserts). However, for non-saturating conditions of the internalization mechanism (25,869
liposomes/cell for 1 h; Fig. 2c), a 3-fold increase in U, enabled, approximately, 10% of cell death for
cancer cells with similar sensitivity to doxorubicin (MDA-MB-231, MDA-MB-435S, and CMT3)
(Fig. 41). In the case of the 4T1 cancer cell line, no relevant variation was observed (Fig. 4f), reflecting

its higher sensitivity to the delivered drug (Fig. 3b).

Overall, these data supported the notion that binding and internalization of liposomes functionalized

with the F3 peptide, and subsequent cell exposure to doxorubicin-containing liposomes, increase
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proportionally with nucleolin-binding sites. This pattern of variation is observed for the resulting cell

death in non-saturating conditions, depending on the cancer cell sensitivity to doxorubicin.
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Fig. 4 Modulation of the impact of nucleolin-binding site density on critical parameters of liposomal interaction with cell

lines from diverse species. (a) Diagram of the model behind steady-state nucleolin binding sites (U) at cell surface. In the

absence or presence of F3 peptide-targeted liposomes, nucleolin is involved in the production (k,.q), endocytosis (Kendo),

recycling ((1-fraeg)krec), and degradation (fy4eskses) mechanisms of the binding sites (U). (b) Probability distribution of cell

surface nucleolin binding sites at steady state (Ug) across cell lines from human and non-human origin calculated according

to Equation 1 (see Materials and Methods). (¢) Mean density of surface nucleolin per cell for the different cell lines (average

values are shown near the bars). Determination of surface nucleolin levels by flow cytometry upon comparing the Alexa488

antibody-associated cell signal with calibrated bead standards; non-viable cells were excluded from analysis using 7-

aminoactinomycin D. (d) Impact of the variation of nucleolin binding sites (U) on the steady state of surface bound-
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liposomes targeted by the F3 peptide, either without (k.,4, = 0) or with endocytosis, at a total lipid concentration of 0.2 mM
(413,897 liposomes/cell) and 4 h incubation time. (¢) Variation of doxorubicin exposure in response to change in nucleolin
binding sites density (Uy), at a dose of 3.13 uM doxorubicin equivalent (413,897 liposomes/cell, or bulk 0.2 mM total lipid)
and 4 h incubation time, at 37°C. (f) Represents the predicted impact of the variation of nucleolin binding sites density (Uy)
on cell death, under low, medium and high exposure to PEGASEMP (25,869 liposomes/cell @ 1 h, 413,897 liposomes/cell
@ 4 h and 6,622,356 liposomes/cell @24 h, respectively) at 37°C. Lines and shaded regions indicate ensemble mean and

SD predictions, respectively. Dashed line represents the 1:1 variation.

Discussion

In the context of ligand-mediated drug delivery, an adequate characterization of the different features
associated with a target receptor is one of the key issues for successful tumor targeting, and translation
to patients [2, 3]. In particular, the identification of the differential expression profiles across tumor
tissues, reflecting tumor heterogeneity, along with the assessmentof targeting as a function of cellular
dynamics and receptor levels is paramount to establishing suchia target in an oncological setting [67]
and efficiently designing a personalized, targeted delivery system [3]. Moreover, examining the target
receptor homology across different animal species reinforces the validity of data collected across
animal models of diverse species, helping translate the generated knowledge into patient benefit.
Nucleolin has become a target for multiple therapeutic strategies, but still poorly explored in the
clinical setting [6]. To understand how a novel liposomal pH-sensitive pegylated formulation
functionalized with nucleolin-binding F3 peptide (PEGASEMP) interacts with cancer cells and how
this translates to cell death, a-.combined in vitro-in silico kinetics study was performed. This was
focused on the interactions across cancer cells from diverse species, thus guiding its translational
development in the context of antitumor activity and non-specific toxicity across relevant species

used throughout development [7].

The modeling work focused on the association and internalization of F3 peptide-targeted liposomes
as a function of cell surface nucleolin (Fig. 2a) [26]. Uncertainty in model parameters was represented
consistent with the experimental data (Supplementary Fig. 1 and Supplementary Table 2). To this
end, nucleolin was modeled as a cluster of binding sites for the interaction with targeted liposomes
instead of individual molecules. In fact, it has been described that several nucleolin-binding ligands
(as midkine, pleiotrophin or HB-19) [29-31] promote nucleolin clustering into membrane patch-like
domains, further supporting the modeling decision. Similarly, it had been previously demonstrated
that binding of HER2-targeted liposomes and HER2 receptor was dependent on patch-like
interactions [4]. Furthermore, the model was constructed under two assumptions regarding

temperature dependence: (1) reaction rates are generally faster at higher temperature, and (2) no
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endocytosis takes place at low temperature. These were handled by adding scaling factors that cause
the low temperature rates to be some fraction lower than the high temperature rates. While those
assumptions enabled good data fitting (Fig. 2), the model still provided, in some examples, over- and
under-estimations compared to experimental results (Fig. 2b, ¢ and Supplementary Fig. 2, 3). To
refine the model in that aspect, adoption of physical-based values (i.e., interaction energies) and the
introduction of a basal /eakage endocytosis term, present at all temperatures, could be explored in

future work.

Notwithstanding those constraints, the resulting ensemble of models was used to predict.the range of
possible system behaviors. In fact, the experimental kinetic behavior could be adequately explained
by a single model for both liposome surface binding and internalization, using aminimum of cell line
and species-specific parameters (Fig. 2b and 2c). Additionally, it enabled constructing a probability
density function of the steady state nucleolin binding sites (U) for'each.cell line tested. The model
demonstrated that the estimated U, sites, based on F3 peptide-tatgeted liposome/nucleolin interaction
(Fig. 4b), correlated with surface nucleolin levels determined at the molecular level by flow cytometry
(Fig. 4¢). Yet, the model has some limitations in distinguishing finer differences compared to flow
cytometry, owing to the multi-tether binding nature of liposomes to nucleolin, encompassed by the
simulation. Nonetheless, the results were well aligned with the extent of surface-bound and

internalized F3 peptide-targeted liposomes (Fig.2b, c).

Importantly, modeling demonstrated that F3 peptide-targeted liposome binding to nucleolin did not
limit their internalization (Fig. 2c). In fact, surface bound liposomes and exposure to doxorubicin
increased proportionally with the number of nucleolin binding sites at steady state (U,) (Fig. 4d, e).
This observation was distinct from HER2-targeted liposomes, since their internalization was critically
dependent on HER2 expression density at the cell surface, creating a threshold effect below which it
was limited [4]. The difference may lay in the nature of both proteins and their dynamics. HER2 is a
cell membrane receptor whose surface pool is slowly internalized (60-fold slower than clathrin-
dependent transferrin) and dynamically mediated by caveolin-1 [68-70]. Nucleolin, on the other hand,
does. not present a transmembrane domain and its pathway of internalization, either clathrin-
dependent or not, is dictated by the nature of the ligand [44, 71]. The nucleolin cell surface pool is
further supported by its described nucleus-cytoplasm-membrane shuttling nature [18]. In fact, there
is evidence that F3 peptide internalization by nucleolin relies on a clathrin-dependent pathway [45].
The mechanistically distinct surface dynamics between the two proteins may in part explain the
threshold effect of HER2 on the internalization of HER2-targeted liposomes, under which multiple-

low affinity interactions between the receptor and targeting moiety are essential to overcome HER2
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membrane retention [4]. This membrane retention effect is apparently absent in the case of F3 peptide
interaction with nucleolin, and the shuttling nature provides enough surface nucleolin molecules for
continuous internalization in the different cell lines tested. Altogether, the data presented evidenced
that nucleolin function, as an internalizing protein of F3 peptide-targeted liposomes, was conserved

across species (Fig. 1).

Furthermore, it was possible to deduce, under a set of experimental conditions, the total doxorubicin
exposure (as x doxorubicin-containing liposomes per cell and unit of time). This is a single dimension
for every treatment condition representing the actual bioavailable and effective amount of the drug,
which was further related to cell death using a Hill function model [52, 53] (Fig..3). Yet, the
individually estimated doxorubicin ECs, (Fig. 3b) did not automatically cortrelate with either the U,
(Fig. 4b) values nor nucleolin surface density levels (Supplementary Fig. 4). Behind this observation
is the fact that the different cell lines have different sensitivities to doxorubicin, regardless of
nucleolin expression levels [27], intrinsically hindering such cotrelation. Nonetheless, it enabled one
to estimate an effective in vitro exposure range that enables 50% of cell death across different cell
sensitivities to doxorubicin and surface nucleolin levels — 1.1 to 3.7x10* liposomes.cell'l.h.
Importantly, under lower exposures (within the estimated range), expected cell death varied
proportionally with U, levels (except for 4T1 cells)(Fig. 4f). Solid tumors are heterogenous entities
at the cellular level but also in the expression patterns of different markers, i.e. HER2, PSMA or even
nucleolin, with manifest impact on treatment efficacy, and consequently on survival [24, 72-74].
Therefore, both predictions are of utmost value in the translation of such activity in the context of
drug delivery to nucleolin-overexpressing solid tumors. If one accounts for the fact that estimated
nanoparticle exposure in‘a solid tumor may fall within 1% of injected dose (intravenously), regardless
its nature [75], proper characterization of tumoral nucleolin expression homogeneity will be
paramount to successfully leveraging the activity provided by PEGASEMP. Anticipating that
challenge, the data presented herein anticipates that flow cytometry could be explored to estimate

steadystate nucleolin levels (Fig. 4b, c), in line with similar methodologies for cell profiling [76].

Conclusion

Several nucleolin-targeting nanoparticles, based on ligands as aptamers or peptides, have been
developed; however, the assessment of the relationship between nucleolin expression level and their
pharmacodynamics, has been limited [77-79]. Accordingly, herein it was shown that nucleolin
expression levels were not a limitation on the continuous internalization of F3 peptide-targeted
liposomes, despite the saturable nature of the binding mechanism, and in line with previous

observations on the fast nucleolin turnover from the cell surface [19]. Furthermore, under the
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estimated mean ECs (effective doxorubicin exposure that enables 50% cell death), it was shown that
the activity may vary according to nucleolin expression. Such information becomes highly relevant
when considering that nanoparticles, upon intravenous administration, reach tumors at a low
percentage of injected dose and that tumors can be highly heterogenous in terms of antigen expression
[18, 75]. This aspect significantly increases the importance of adequate tumor and patient
characterization to extract the highest performance possible from ligand-mediated targeted strategies,
and particularly the one herein studied. Importantly, in the context of development of nucleolin-based
targeted drug delivery, the structural and functional similarities across species presented herein,
emphasized the potential to use toxicological data and other metrics from lower.species (e.g., dog;

manuscript submitted for publication) to infer the dose for a first-in-human trial.
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