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ARTICLE INFO ABSTRACT

Article history: Patients with breast or ovarian cancer have not benefited from improved efficacy with pegylated liposomal
Received 13 September 2020 doxorubicin relative to free drug, likely due to the limited extent of the enhanced permeability and retention
Received in revised form 23 December 2020 (EPR) effect, further compromising drug bioavailability in the tumor. Herein it is hypothesized that targeting

Accepted 1 February 2021 nucleolin overexpressed in tumor endothelial cells (readily accessible from the vascular compartment), besides

cancer cells, with PEGASEMP (doxorubicin hydrochloride in a lipid-based pegylated nanoparticle functionalized

Ilfgc‘?gg;: with a 31-aminoacid peptide targeting nucleolin), lessens the dependence on high systemic exposures and EPR
Targeted-drug delivery effect for successful tumor targeting. This strategy has resulted in improved intracellular tumor bioavailability of
Mesothelioma doxorubicin, at low systemic exposure, associated with a safe toxicological profile. Levels of cell surface nucleolin
Breast cancer dictated the antitumor activity of PEGASEMP against nucleolin-overexpressing solid tumors of diverse histolo-
Nucleolin-overexpressing cancers gical origin, evidencing a significant growth inhibition of malignant mesothelioma over the standard of care.

Those observations were paralleled by an impairment of the nucleolin-positive vasculature and downregulation
of typically overexpressed genes. Patient stratification based on nucleolin mRNA expression correlated with
prognosis and enabled identification of breast and mesothelioma tumors that may potentially benefit from
PEGASEMP. Overall, a novel principle of drug delivery is presented with potential therapeutic impact across
nucleolin-overexpressing human cancers.
Data Availability: The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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[1]. Despite the envisioned potential of nanotechnology [1], the
therapeutic benefit of the first approvals of nanomedicine-based
strategies resulted from enhanced safety profiles, with only a modest
benefit on patient survival [2]. The accessibility of nanomedicines to
cancer cells and their ability to diffuse and penetrate the neoplastic
mass is compromised by, among other barriers [3], the limited ex-
tent of the enhanced permeability and retention (EPR) effect in
human tumors, resulting in limited drug bioavailability [4,5]. As the
overall efficacy will ultimately rely on drug bioavailability at the
tumor and/or at the tumor intracellular level, there is the need to
engineer novel mechanisms of drug delivery to overcome the EPR
dependency associated with existing clinical-approved nanomedi-
cines [6] and thus get a better access to the tumor microenviron-
ment. This limitation has been recently evidenced with the anti-
HER2 antibody-targeted liposomal doxorubicin (codenamed MM-
302). Notwithstanding its superior preclinical antitumor activity
relative to non-targeted liposomal doxorubicin [7], MM-302 did not
show any benefit over the control arms, which included non-lipo-
somal chemotherapy in a phase Il study with HER2-positive meta-
static breast cancer patients (NCT02213744) [tinyurl.com/y7gyq7xq].
Being the HER2 antigen markedly overexpressed on the surface of
cancer cells, MM-302 still depends, in a first level of tumor targeting,
on a relevant component of the EPR effect, as the extravasation from
tumor leaky vasculature to access its target receptor [8]. In fact, this
was addressed on a Nature Materials manuscript upon demon-
strating that up to 97% of non-targeted nanoparticles accumulated at
the tumor site through a trans-endothelial pathway rather than
endothelial gaps [9], thus challenging the EPR-based rationale for
nanomedicine development in the oncology setting. Thereby, tar-
geting readily accessible overexpressed markers within the tumor
microenvironment that promote cell internalization, combined with
efficient intracellular drug release, may enable increased efficacy and
safety [6].

Following this rationale, nucleolin, a nucleolar protein involved
in nucleic acid metabolism [10], has emerged as a potential target in
cancer therapy. Its deregulated expression has been identified in
non-small cell lung cancer, gastric cancer and ependymoma as an
unfavorable prognostic factor associated with a high risk of relapse
and low overall survival [11-13]. In fact, under pathological condi-
tions, nucleolin is responsible for the development of malignant
traits, contributing to tumorigenesis, and promoting invasion and
angiogenesis [10]. Interestingly, an increased localization of nu-
cleolin at the cell membrane has been identified in both cancer cells
and endothelial cells from tumor angiogenic vessels, where the
protein modulates the internalization of different ligands as part of
the nucleus-cytoplasm-membrane shuttling [14,15].

We have previously demonstrated that pegylated (PEG) lipo-
somes enabling pH-dependent triggered drug (doxorubicin) release,
functionalized with a nucleolin-binding F3 peptide, were char-
acterized by a ligand-dependent (in vitro) interaction against nu-
cleolin-overexpressing cells and significantly impaired tumor
vasculature, reduced the viable tumor area while limiting invasion to
surrounding tissues of nucleolin-overexpressing tumors implanted
in the mammary fat pad (relative to non-targeted counterpart and
free drug) [ 16]. Based on these observations, we hypothesized that in
vivo targeting of nucleolin overexpressed at the readily accessible
(upon intravenous administration) surface of endothelial cells from
tumor vasculature, besides cancer cells, would facilitate the access of
nucleolin-targeting nanoparticles to the microenvironment of solid
tumors, thus lessening the dependence on the EPR effect. This would
improve overall intracellular delivery efficiency, and therefore, en-
hance the bioavailability of the encapsulated payload at the tumor
level relative to a long circulating nanoparticle devoided of ligand-
mediated targeting. To test this hypothesis, pH-sensitive liposomes
containing doxorubicin and functionalized at the PEG extremity with
the nucleolin-binding F3 peptide (codenamed PEGASEMP) were
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engineered and manufactured under Good Manufacturing Practices
(GMP). Herein, the nucleolin-dependent antitumor effect of PEGA-
SEMP against different animal models of cancer is described. En-
hanced cytosolic delivery of doxorubicin was evidenced, at the
tumor level, while maintaining a significantly (and surprisingly)
lower systemic exposure and safer toxicological profile, compared to
Caelyx, upon intravenous administration. Downregulation of tumor
invasion and transcripts associated with cell division machinery
further contributed to the significant antitumor effect of PEGASEMP
in murine models of mesothelioma. Overall, these observations
support a novel principle of drug delivery towards solid tumors, with
potential therapeutic impact across nucleolin-overexpressing
cancers.

Results

Physical characterization of pH-sensitive and nucleolin-targeting GMP-
grade pegylated liposomes

The GMP-grade batch used herein was developed based on a
previous described formulation of doxorubicin-loaded pH-sensitive
pegylated liposomes targeted to nucleolin [16], and codenamed
PEGASEMP (Fig. 1a, b). The nucleolin targeting component was in-
corporated by formulating the liposomes for the first time in the
presence of a novel custom synthetic entity produced by covalently
linking DSPE-PEG,y and F3 peptide through a 6-atom spacer (DSPE-
PEG,-F3, Fig. 1c). The potency of the sterile formulation was ad-
justed to 2 mg of doxorubicin per mL (drug loading 0.18:1 [doxor-
ubicin:total lipid]). Characterization by electron microscopy (TEM)
demonstrated that PEGASEMP presented spherical shape with an
electron-opaque core, absent in empty PEGASEMP, but similar to
Caelyx (Fig. 1d). Measurements of electron imaging indicated that
PEGASEMP presented a median size of 789 nm [59.12°-
96.17°™ nm], consistent with the dynamic light scattering (DLS)
observation of a monodispersed mean size of 91.2 nm (polydisper-
sion index of 0.036 + 0.006) (Fig. 1d-f). Those characteristics were
comparable to the data acquired for Caelyx (TEM: 103.6 nm
[92.12°1-114,77°™ nm]; DLS: 86.8 nm (polydispersion index of
0.027 = 0.004)) or the empty counterpart of PEGASEMP (TEM:
87.7 nm [76.6%°"-100.37°™" nm]; DLS: 90.7 nm (polydispersion
index of 0.059 + 0.005)) (Fig. 1d-f). Furthermore, PEGASEMP’s (and
its empty counterpart) zeta potential differed from Caelyx’s
(+49 £02mVand+ 6.2 £+ 0.2 mV versus + 0.2 £ 0.3 mV) (Fig. 1f).
Importantly, the above observations (at 0 h) were generically
maintained after storing each formulation at 5 + 3 °C for 72 h, ex-
cept for a slight increase in the mean size of empty PEGASEMP ob-
served by TEM (Fig. 1d, f). Longer stability studies at 5 + 3 °C
indicated that PEGASEMP’s lipid and doxorubicin content, as well as
physical (mean size and drug retention) and functional (in vitro drug
delivery) characteristics, were stable for at least 3 months (Fig. 1g).
In the presence of serum or mouse blood, PEGASEMP presented a
similar release profile (Fig. S1a) and recovery of doxorubicin (pre-
venting drug partitioning into red blood cell compartment [17,18])
(Fig. S1b), respectively, as compared to Caelyx, altogether indications
of identical in vivo stability.

Overall, PEGASEMP presented adequate characteristics (that re-
mained stable overtime) for intravenous administration and, in the
most relevant aspects, comparable to Caelyx.

Toxicokinetic assessment of PEGASEMP in rats and beagle dogs
demonstrates overall favorable tolerability versus Caelyx

Toxicological assessment was performed in superior species (rats
and dogs, Fig. 2a) using experimental designs that established Cae-
lyx’s preclinical toxicity and pharmacokinetic profiles [19].
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Fig. 1. PEGASEMP’s structure and characterization. (a) Schematic representation of PEGASEMP characteristics in comparison with Caelyx. Size specification for both formulations
is shown. (b) Relative composition (mol%) of the lipid bilayer of PEGASEMP and Caelyx. (c) Molecular structure of the synthetic DSPE-PEG,y-F3 peptide conjugate.
(d) Representative microphotographs of structural morphology (transmission electron microscopy) and size distribution analysis of PEGASEMP, performed before (0 h) and after
72hat5 * 3°C. Caelyx and empty version of PEGASEMP were used as controls. Data are represented as the minimum to maximum liposomal size distribution, with the box width
and the line (inside the box) representing 25th-75th percentile interval and median (), respectively (p-values calculated with Mann-Whitney test, n=119-172).
(e) Representative intensity-weighted (%) dynamic light scattering histograms (3 records) of PEGASEMP, compared to Caelyx and empty PEGASEMP. The mean (%) size and
polydispersion index (PDI) values are presented. (f) Time-lapse analysis of size, polydispersion index and zeta potential (¢) upon storage of each formulation at 5 + 3 °C (p-values
calculated with Tukey’s multicomparison test at 72 h, n =6). (g) Long-term stability of PEGASEMP’s lipid and doxorubicin contents, mean size, drug encapsulation and in vitro drug
delivery (assessed with MDA-MB-435S cells). Each data point represents the mean value (n=3-5). ™ p > 0.05, ***p < 0.001, ***p < 0.0001. DOPE: 2-dioleoyl-sn-glycero-
3-phosphoethanolamine; CHEMS: 3p-hydroxy-5-cholestene-3-hemisuccinate; DSPC: 1,2-distearoyl-sn-glycero-3-phosphocholine; HSPC: L-a-phosphatidylcholine, hydrogenated
(Soy); Chol: cholesterol; DSPE-PEG,y: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]; DSPE-PEG,-F3: 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]-F3 peptide.

Regardless gender, in rats (Fig. 2b) and dogs (Fig. 2¢), PEGASEMP demonstrated a lower impact on body weight variation as compared
enabled, surprisingly, a systemic exposure of doxorubicin, at least, to Caelyx, despite overall gender differences (Fig. 2d, e). The latter
7.8-fold lower than the one enabled by Caelyx (Fig. 2b, c¢). Not- has caused a decrease of the mean relative body weight that was
withstanding PEGASEMP impact in rat body weight relative to saline equal or higher than 10% in male or female dogs, respectively
(Fig. 2d), as a general indication of toxicity, in both species it (Fig. 2e). Moreover, the absence of significant impact on body weight
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Fig. 2. PEGASEMP toxicokinetic assessment in rats and beagle dogs. (a) Evaluation of PEGASEMP pharmacokinetic and toxicological profile in rats and dogs. PEGASEMP was
weekly administered i.v. to CD IGS® rats and beagle dogs, at indicated doxorubicin doses (4 weeks). Caelyx was used as a control. Serial blood sampling was performed at indicated
timepoints (first treatment) for doxorubicin quantification in the plasma. Further blood collection enabled the assessment of clinical chemistry and hematological parameters.
(b, ¢) Doxorubicin plasma profile in rats and dogs upon single administration of PEGASEMP or Caelyx, at indicated doses. Each timepoint represent the mean of doxorubicin
plasma concentration ( + SEM, n =2-3). Insert tables refer to the respective area under the curve (AUC). (d, e) Relative body weight variation of rats and dogs, respectively (rats:
p-values calculated with Tukeys’s test at week 4, n=10-15; dogs: p-value calculated with Dunn’s test at week 3, n=2-5). (f) Survival of dogs administered with PEGASEMP or
Caelyx, in equimolar doses of doxorubicin (n=6-10, p-value calculated with logrank test). (g) Mean relative variation (%; versus saline) of hematological and clinical chemistry
parameters of rats (at week 4; n=10) and dogs (at week 3, except for cardiac troponin, measured at week 2; n = 2-5); difference p-value is graphically indicated by the outer rim
tags. Inner bold circle represents the saline baseline. For mean differences and p-values see Tables S1-S4. (h) Percentage of rats with microscopic lesions upon histological analysis
of indicated organs, at week 4 (n=10). ™ p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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evidenced by PEGASEMP-treated group (Fig. 2e), correlated with a
better survival of animals as compared to Caelyx-treated group, at
the same dose and administration schedule (Fig. 2f). Empty PEGA-
SEMP demonstrated no or residual impact on body weight (in rats
and dogs, respectively; Fig. S2) and on hematological/chemistry
parameters (not shown), relative to saline.

In rats, PEGASEMP and Caelyx induced a decrease in lymphocytes
(or overall white blood cells and basophils) as compared to the saline
control (Fig. 2g). The impact of PEGASEMP over remaining hemato-
logical parameters was, in general, identical to Caelyx, with varia-
tions occurring near or within normal range values (Fig. 2g and Table
S1) [20-22]. Exceptionally, reticulocyte count was increased for an-
imals (both males and females) administered with PEGASEMP
(Fig. 2g), normally associated with regenerative anemia [20].
Nevertheless, only a marginal decrease in red blood cells was ob-
served (Fig. 2g and Table S1). In dogs, PEGASEMP and Caelyx were
associated with minimal decreases in hematocrit, hemoglobin, red
blood cells, reticulocyte count, white blood cells (females) and
lymphocytes (still within normal value range) (Fig. 2g and Table S2).
In both species, PEGASEMP had no relevant impact over clinical
chemistry parameters, similarly to Caelyx (Fig. 2g and Tables S3, S4).
In dogs, an increase (within normal values) in cardiac Troponin I was
observed in animals from both treatment groups relative to saline
(Fig. 2g and Table S4).

Furthermore, PEGASEMP evidenced an overall lower incidence of
microscopic lesions in relevant female rat tissues as compared to
Caelyx, less evident in the case of males (Fig. 2h). In dogs, PEGASEMP
and Caelyx related microscopic alterations were identified in lym-
phocyte maturation organs (sternum-bone marrow, thymus, spleen
and mandibular and mesenteric lymph nodes), and testes (deletion
of germ cells), overall accompanied by organ weight loss in testes
and thymus (the latter in a higher extent for Caelyx) (Fig. S3 and
Tables S5, S6). The severe alterations in the skin and digestive system
observed for the Caelyx group (as also previously described [19]),
relative to PEGASEMP, were associated with decreased food con-
sumption in male rats from the former group (Fig. S4 and Table S7).

Overall, delivery of doxorubicin by a nanoparticle functionalized
with a nucleolin-binding peptide, as PEGASEMP, presented fewer
debilitating effects (including over clinical chemistry and hema-
tology parameters) than a strategy based on the delivery of the same
drug through a non-targeted and non-pH-sensitive formulation, thus
supporting a better tolerability of PEGASEMP as compared to Caelyx.

Nucleolin targeting overrides EPR-driven tumor accumulation enabling
high extent intracellular delivery of doxorubicin and antitumor activity
of PEGASEMP

The previous toxicokinetic assessment supported a higher tol-
erability of PEGASEMP relative to Caelyx, likely due to the lower
systemic exposure of doxorubicin associated with the former. These
data led us to assess the therapeutic activity at equitoxic doses, re-
covering the MDA-MB-435S tumor model (Fig. 3a) previously used
[16]. Despite its reclassification [23,24], MDA-MB-435S cells enable
the development of nucleolin-overexpressing tumors (nucleolin"#"),
as compared to other cells lines [16], within any relevant environ-
ment, including the mammary fat pad, essential to the study of
moieties targeting nucleolin, as the case of the F3 peptide, as pre-
viously performed by others [14]. Accordingly, female BALB/c"/™!
mice, bearing nucleolin™®" MDA-MB-435S tumors, were treated
with PEGASEMP at 7 mg of doxorubicin/kg, the dose equivalent to
1 mg/kg in dogs (Fig. 2f) [25], once a week for five weeks (Fig. 3a)
(cumulative dose of 35mg/kg), in line with safety observations
above (Fig. 2f). Caelyx, the EPR gold-standard, was used as control at
a cumulative dose of 25 mg/kg (divided in 5 administrations, one
every week), the known maximum tolerated dose against different
human xenograft tumors derived in nude mice, contrary to the
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cumulative dose of 36 mg/kg [19,26]. It was initially confirmed in
mice that the mean systemic exposure of doxorubicin, as assessed by
the area under the curve (AUCsmin-24n) Of plasma concentrations,
delivered by PEGASEMP (at 7 mg/kg) was 4.7-fold lower than the one
observed for Caelyx (at 5 mg/kg) (Fig. 3b), in line with the observa-
tion in rats and dogs (Fig. 2b, c).

Notwithstanding the differences in AUC, the treatment with
PEGASEMP and Caelyx enabled a similar impact in terms of reduc-
tion of tumor burden in animals bearing nucleolin™&" MDA-MB-
435S tumors (Fig. 3b). Furthermore, PEGASEMP improved overall
survival by 37% for animals bearing nucleolin"®" MDA-MB-435S
tumors relative to Caelyx-treated mice (Fig. 3b), with equitoxic im-
pact in body weight (less than 10% loss of body weight within the
timeframe of the study) (Fig. S5). Further stereology-based [27]
histological analysis of nucleolin"®" MDA-MB-435S tumors of ani-
mals that completed the scheduled treatment (Fig. 3a), demon-
strated that PEGASEMP, at 7 mg/kg, decreased by 19-fold the area of
nucleolin® tumor vasculature relative to Caelyx, with a lower impact
on the CD31* mature vasculature [28] (Fig. 3b, ¢). Supporting these
observations, PEGASEMP’s tumor bioavailability index (number of
doxorubicin® cells per field, evaluated by confocal microscopy
(Fig. 3d), normalized to the systemic exposure [AUCsmin-24n]), ac-
counting the actual circulating liposomal doxorubicin becoming
bioavailable was 10.8-fold higher than the one enabled by Caelyx
(Fig. 3b, d). Simultaneously, tumor delivery index, as measured by
the bulk amount of doxorubicin in the tumor, assessed by liquid-
chromatography tandem mass spectrometry and normalized to the
systemic exposure [AUCs min-241], remained essentially the same for
both formulations (Fig. 3b).

Importantly, in a breast cancer model derived from 4T1 cells
(nucleolin'®"), expressing 2.3-fold lower cell surface nucleolin re-
lative to MDA-MB-435S cells (associated with lower extent of in-
ternalization, Fig. S6a, b) but yet more sensitive to doxorubicin
delivered by PEGASEMP in vitro (Fig. S6¢), the latter had a residual
impact on tumor burden or animal survival (Fig. S6d-g) at any dose
tested. Supporting the targeting specificity of the F3 peptide, it was
further shown that it promoted (in the form of DSPE-PEGy-F3 mi-
celles) cell surface nucleolin clustering (Fig. 3e) with a 3-fold in-
crease in cell surface levels relative to untreated cells (Fig. 3f, g). This
nucleolin-dependent effect was further confirmed, as the cell surface
levels of proteins like neuropilin-1 (involved in the internalization of
peptides with CendR sequences [29]) and CD44 (a glycoprotein, like
nucleolin, highly expressed in cancer cells [30]) did not change in the
presence of the F3 peptide (Fig. 3g), without an impact on the total
nucleolin expression (Fig. 3h). Furthermore, it was shown that the
high extent cellular association of F3 peptide-targeted liposomes
could be significantly decreased upon incubation with tunicamycin
(Fig. 3i), a N-glycosylation inhibitor that blocks nucleolin translo-
cation to the cell surface [31].

Collectively, the results supported a nucleolin-dependent anti-
tumor effect, subsequent to the improved intratumor bioavailability
of doxorubicin delivered by PEGASEMP, under a safer toxicological
profile, promoted by its lower systemic exposure, relative to a for-
mulation as Caelyx (Fig. S7), which main of mechanism of action
relies on the EPR effect.

PEGASEMP's enables significant mesothelioma growth inhibition
relative to the standard-of-care

Owing to the proposed mechanism of action of PEGASEMP, and
its payload, it was important to assess its antitumor activity on a
cancer model with a molecular signature strongly associated with
cell division. In this respect [32], mesothelioma is a highly metastatic
cancer, with poor prognosis, affecting the mesothelium upon as-
bestos exposure [33], that overexpresses nucleolin (Fig. 4a).
Accordingly, the therapeutic activity of PEGASEMP was evaluated
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Fig. 3. Nucleolin-mediated intracellular delivery underlying the antitumor effect of PEGASEMP at low mean systemic exposure of doxorubicin. (a) Experimental design.
PEGASEMP (pH-sensitive liposomal doxorubicin functionalized with F3 peptide-binding nucleolin) was weekly administered i.v. (for 5 weeks) to female BALB/c™/™ mice bearing
nucleolin high MDA-MB-435S mammary tumors. Caelyx and saline solution (same schedule) were used as controls. Animal monitoring and a stereology-based approach for
unbiased microscopic object counting (area of nucleolin*/CD31* vessels in tumor sections) was performed. In a different set of animals, assessment of doxorubicin tumor
accumulation (24 h after administration) and plasma clearance profile (in BALB/c mice) was performed, following intravenous administration of PEGASEMP (versus Caelyx);
tumors were harvested 24 h after administration or blood was collected up to 24 h, two bleeds per animal, respectively. (b) Radial plot integrating data on efficacy (tumor burden
[n=3-4, end of experiment], survival [n=5-7] and impact on CD31"/nucleolin” vasculature [n=3-4, p-value calculated with t-test]) and pharmacokinetics (mean doxorubicin
systemic exposure [AUCsmin-24n, N =3-4], tumor delivery index [n=4-6, p-value calculated with Mann-Whitney test] and bioavailability index [n=129-140 images, p-value
calculated with Mann-Whitney test]) of doxorubicin delivered by PEGASEMP and Caelyx. (c) Microphotographs (20x) of CD31 (green arrows) and nucleolin (blue arrows) stained
MDA-MB-435S tumor sections of animals that have undergone 5 treatments. Scale bar = 100 um. (d) Representative laser confocal images (40x) of intratumoral doxorubicin
fluorescence. Scale bar =20 pm. (e) Confocal live cell imaging of MDA-MB-435S cells incubated with DSPE-PEG,-F3 peptide micelles and anti-NCL-Alexa®488 (green) antibody
(or the IgGy isotype control) at 4 °C for 15 min. Scale bar = 10 um. (f) Representative flow cytometry histograms of live MDA-MB-435S cells upon incubation with DSPE-PEG,-F3
peptide micelles and anti-NCL-Alexa®488 antibody or corresponding controls for 60 min at 4 °C. (g) Impact of DSPE-PEG,-F3 peptide micelles in cell surface expression levels of
nucleolin, neuropilin-1 (NRP1) and CD44 measured by flow cytometry. Data present the mean + SEM (n =3, p-values calculated with unpaired t-test). (h) NCL protein density
(from total extracts) upon incubation of MDA-MB-435S cells with DSPE-PEG,,-F3 peptide micelles for 60 min at 4 °C or 37 °C. Data represent the mean + SEM (n =3, p-value
calculated with unpaired t-test). (i) Cellular association of F3 peptide-targeted liposomes ([F3]L), fluorescently labeled with rhodamine, after culturing MDA-MB-435S cells in the
presence or absence of tunicamycin, an inhibitor of N-glycosylation. Data represent the mean + SEM (n = 3, p-value calculated with Tukey’s multicomparison test). ** p > 0.05;

*p < 0.05; ****p < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

against orthotopic animal models of different sub-types of human
mesothelioma, established in female CD-1""/"" mice: the highest
incidence epithelioid subtype (derived from MM473:Luc cells), and
the most aggressive biphasic subtype (derived from MM487:Luc
cells). In the latter, animals were treated at an early stage and ad-
vanced stage of disease progression (Fig. S8), recapitulating the
different stages of tumor development in patients, at diagnosis
(Fig. 4b).

In the epithelioid mesothelioma model, treatment with
PEGASEMP at 7.0 mg/kg (q7dx5) enabled a tumor growth inhibition
of 209- or 55-fold, relative to non-treated mice or treated with the
standard of care (combination of cisplatin [4 mg/kg, q7dx5] and
pemetrexed [100 mg/kg, q2dx3x5] [33]), respectively (Fig. 4c). A si-
milar trend was observed with PEGASEMP at 5.6 mg/kg, alone or in
combination with cisplatin, but in a lower extent than at 7.0 mg/kg
(20.2- or 25.2-fold difference in the BLI mean signal relative to non-
treated mice, at day 42, respectively) (Fig. 4c). The combined treat-
ment with cisplatin and pemetrexed presented a limited effect on
tumor growth, relative to the non-treated animals (administered
with saline) (Fig. 4c). A similar result was observed with cisplatin
alone (Fig. 4c). None of the treatments tested enabled any toxic ef-
fect, as illustrated by the variation of the animals’ body weight over
time (Fig. 4d).

Regarding the biphasic subtype, at the early stage of tumor de-
velopment, treatment with PEGASEMP, at 7.0 mg/kg, presented the
highest efficacy in tumor growth inhibition relative to the standard
of care combination, where a 2713-fold difference was observed
(Fig. 4e). At the advanced stage of development, the combination of
PEGASEMP and cisplatin was the most active, inhibiting tumor
growth by 107-fold relative to standard-of-care (Fig. 4e). However,
PEGASEMP as monotherapy did not depart significantly from the
standard of care (Fig. 4e). In both stages, animals did not evidence
body weight loss over time (Fig. 4f), in spite of PEGASEMP/cisplatin
combination hindered body weight gain relative to PEGASEMP alone,
although without statistical significance (Fig. 4f).

PEGASEMP decreases mesothelioma tumor burden and limits invasion
to surrounding organs

The overall tumor growth inhibition enabled by PEGASEMP at
7 mg/kg, translated into a significant reduction of tumor burden in
the epithelioid and (early-stage) biphasic animal models, relative to
the standard-of-care (79- or 1223-fold for MM473:Luc or
MM487:Luc at early stage, respectively) (Fig. 4g-i). In the case of the
biphasic advanced-stage model (MM:487:Luc Advanced stage),
the combination of PEGASEMP at 5.6 mg/kg with cisplatin enabled
the highest reduction in tumor burden relative to the standard-of-
care (55-fold difference) (Fig. 4i). Overall, treatment with the

standard of care did not show any effect on tumor burden across the
different mesothelioma sub-types tested (Fig. 4g-i).

Importantly, animals bearing epithelioid tumors and treated with
PEGASEMP either at 7.0 or 5.6 mg/kg (combined with cisplatin)
presented the lowest incidence of tumor infiltration into the chest
cavity (57.1% and 50%, respectively), as compared to the standard-of-
care-treated group, in which all animals presented infiltrations
(Fig. 4j). Those results correlated with the high extent of “none to
slight” lung neoplastic lesions associated with PEGASEMP alone at
7 mg/kg, or combined with cisplatin (57.1% or 62.5%, respectively), in
contrast with the 12.5% from standard-of-care (“mild to marked”
lesions reached an extent of 87.5%) (Fig. 4k, 1).

PEGASEMP downregulates cell division-associated transcriptome of
mesothelioma

Aiming at understanding the transcriptome alterations under-
lying the antitumor effect of PEGASEMP, orthotopic mesothelioma
tumors (at advanced stage) were harvested from animals treated
twice with PEGASEMP at 7 mg/kg/week, schedule that guaranteed
enough material for further transcriptomic microarray analysis
(Fig. 5a). According to the established parameters for differential
gene expression analysis (Fig. S9), 146 gene transcripts were found to
be deregulated (Fig. 5b, Table S8). Of those, 75% were downregulated
while the remaining 25% were upregulated (Fig. 5b). Gene ontology
analysis of the differentially expressed genes demonstrated that the
most relevant altered processes (FDR < 0.001, PANTHER Biological
Process GO-Slim database) involved the downregulation of cell di-
vision, including cell cycle or chromatin organization and assembly
(Fig. 5¢, Table S9). Further comparison against the PANTHER Cell
Component GO-Slim database confirmed those observations, by
linking with cell components such as chromosomes, microtubules or
DNA-protein complexes (Fig. S10, Table S10). Furthermore, differ-
entially expressed genes (mapped against PANTHER database)
formed a relevant interaction network (protein-protein enrichment
p-value <1.0x 107'8) as per STRING analysis, with proteins such as
aurora kinase, cyclin B1, polo-like kinase 1 or topoisomerase 2 A
(AURKA, CCNB1, PLK1, TOP2A, respectively) as a part of a cell cycle
regulatory cluster sided by a large histone cluster (Fig. 5d). Sig-
nificantly, data demonstrated that PEGASEMP generically down-
regulated part of the 50 gene transcripts consensually described as
overexpressed in malignant mesothelioma [32] (Fig. 5e, Tables S11,
S12). In fact, and only upon two treatments, 14% of those fitted the
differential expression criteria, and included the downregulation of
transcripts encoding topoisomerase 2, cyclin B1 or the proliferation
marker Ki67 (TOP2A, CCNB1 or MKI67, respectively) (Fig. 5e). In-
terestingly, transcripts encoding P53 Inducible Nuclear Protein 1
(antiproliferative and pro-apoptotic protein, positive regulator of
autophagy and p53 [34]), MDM2 proto-oncogene (p53-controlled
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Fig. 4. PEGASEMP enables significant growth inhibition of epithelioid and biphasic mesothelioma orthotopic tumors. (a) Microphotographs from nucleolin-stained sections of
tumors derived from MM473:Luc epithelioid and MM487:Luc biphasic mesothelioma cells (scale bar = 25 um). (b) Experimental design of assessment of efficacy of PEGASEMP
against epithelioid (MM473:Luc) and biphasic (MM487:Luc, at Early and Advanced stages) murine (female CD-1"*/"* mice) models of human mesothelioma. At week 0, animals
were randomly allocated to different treatment groups as indicated. Bioluminescence (BLI, a measure of tumor growth) and body condition were assessed at least once-a-week.
(c) Relative tumor growth and (d) mean relative body weight (normalized to treatment start) of animals bearing MM473:Luc mesothelioma tumors. Timepoints represent
mean + SEM (p-values calculated using Dunn’s test, n=7-8). (e) Relative tumor growth and (f) mean relative body weight (normalized to treatment start) of animals bearing
MM487:Luc mesothelioma (Early or Advanced stage) tumors. Timepoints represent mean + SEM (p-values calculated using Dunn’s test, n=7-8). (g) Representative biolumi-
nescence images of animals bearing MM473:Luc and MM487:Luc-derived tumors at the end of the experiment (week 6 and week 5, after start of treatment start, respectively).
(h) MM473:Luc and (i) MM487:Luc tumor burden at the end of the experiment (p-values were calculated by Dunn’s test). (j) Assessment of chest invasion in animals with
MM473:Luc tumors, detectable at necropsy (p-value calculated using y? test, n = 7-8). (k) Scans of lung H&E sections of animals bearing MM473:Luc tumors exhibiting pulmonary
lesions (arrows) with different levels of severity. (1) Animals (%) with neoplastic lesions in the lungs, according to severity (n =7-8). See Materials and Methods section for severity
classification. TG - tumor growth. ™ p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.

transcription under stress conditions [35,36]), collagen 1 and Fi-
broblast Growth Factor 2 (TP53INP1, MDM2, COL1A2 and FGF2, re-
spectively) were upregulated (Fig. 5¢).

Altogether, both relevant down and upregulated transcripts were
consistent with cell cycle arrest and cell death.

Nucleolin-based breast cancer and mesothelioma patient stratification
identifies biologically distinct tumors susceptible to benefit from
PEGASEMP

Previous data analysis has shown that nucleolin mRNA expres-
sion identifies breast tumors with different prognosis and gene ex-
pression profiles [37]. Thus, breast cancer (GSE7390 and GSE2034
[n =198 and 286, respectively]) and mesothelioma (GSE2549, n=45)
datasets [38-40] were explored to define the clinical value of nu-
cleolin in the context of PEGASEMP-based therapeutic intervention.
In fact, high expression level of nucleolin in breast cancer was as-
sociated with increased disease-free survival (Fig. 6a), while low
expressing tumors (nucleolin'®") exhibited a poorer prognosis in line
with previous observations [37]. Moreover, the nucleolin-over-
expressing groups (nucleolin"®") from both breast cancer datasets
presented, at least, 1.9-fold (p < 0.03) enrichment of estrogen re-
ceptor-negative (ER-) breast tumors relative to nucleolin'®" tumors
(Fig. 6b).

In agreement with those observations, nucleolin" mesothe-
liomas presented poorer overall survival (Fig. 6¢), while the nu-
cleolin™®" group was enriched for the epithelial mesothelioma
subtype (Fig. 6¢, insert) and presented 1.35-fold higher nucleolin
mRNA levels (p=0.007) relative to normal pleura tissue (Fig. 6d).
Interestingly, clustering (Fig. 6e) and differential gene expression
analysis (Fig. 6f) demonstrated that nucleolin™®" and nucleolin'¥
mesotheliomas differ in terms of genetic signature (even compared
to normal pleura). In fact, cluster 2 and 7 presented, approximately,
15% and 9% differently expressed genes (p-value < 0.05) (Fig. 6f,
insert), which were related to the upregulation of nucleic acid pro-
cessing and metabolic functions in nucleolin™®" mesotheliomas
(Fig. 6g). Thus, this suggested that nucleolin"®" mesotheliomas are
biologically different from nucleolin'® tumors, as previously sug-
gested in breast cancer [37], and potentially more sensitive to PE-
GASEMP, from the point of view of nucleolin targeting and activity of
antiproliferative activity of a payload as doxorubicin.

low

Discussion

Currently clinically available nanoparticles have had a major
impact on improving the safety profile of conventional che-
motherapy (namely doxorubicin) [41]. However, it has been de-
monstrated that less than 1% of the (intravenously) administered
dose of a given nanoparticle, regardless of its nature, accumulates at
the tumor site [42]. This is associated with the absorption, dis-
tribution, metabolism and excretion (ADME) processes affecting
nanoparticles (either ligand-mediated targeted or non-targeted) as
any other xenobiotic, although at different extents [3,42,43]. If one
accounts both the marked extent of retention of nanoparticles in the

liver and the limited extent of the EPR effect in patients, owed to
patient-derived tumor heterogeneity, it becomes apparent that drug
bioavailability at tumor/cell level is strongly impaired, with a ne-
gative impact on efficacy [5,6]. Thus, shifting from the exclusive
cancer cell-targeting paradigm towards exploiting additional readily
accessible overexpressed markers, including on the tumor vascu-
lature, with simultaneous combination with intracellular triggered
(burst) drug release, could lessen the dependence on EPR to achieve
therapeutic efficacy against solid tumors [6]. This has been empha-
sized by the recent demonstration that the endothelial fenestrations
are not the major entry pathway of nanoparticles into solid tumors,
but rather active processes through endothelial cells [9]. This could
have a positive impact on the overall pharmacodynamic of triggered
drug release formulations, as pH-sensitive liposomes based on DOPE
and CHEMS, have been limited by their short blood circulation half-
lives [44,45], and thus low systemic exposure.

Accordingly, we aimed at addressing the question on whether
nucleolin targeting could enable a (GMP-grade) pH-sensitive lipo-
somal formulation (codenamed PEGASEMP), using doxorubicin as
model payload, to be effective against solid tumors overexpressing
nucleolin, as compared to long-circulating liposomes, as Caelyx [41].

Initially, design and characterization of PEGASEMP demonstrated
that it was stable, presenting suitable characteristics for intravenous
administration, in every other parameter comparable to Caelyx
(Fig. 1), the gold standard for doxorubicin tumor delivery, based on
the EPR effect [46]. In spite of zeta potential was a distinct feature
under the same conditions, both PEGylated formulations presented
small values in magnitude (Fig. 1f) [47]. PEGylation is known to
stabilize nanoparticles through the reinforcement of repulsive hy-
dration forces [48] and to decrease zeta potential magnitude
[47,49,50]. Furthermore, PEGASEMP’s size and drug retention re-
mained stable, for at least 3 months (Fig. 1g). Together, these results
indicated that zeta potential, alone, did not compromise PEGA-
SEMP’s stability, in line with the established role of PEG on colloidal
stability [49]. One may speculate that the lysine-rich F3 peptide may
influence PEGASEMP’s zeta potential magnitude, relative to Caelyx,
further contributing to the net of repulsive, inter-particulate, stabi-
lizing forces. Notwithstanding, this has a residual influence on both
cellular association, as liposomes targeted by a scrambled peptide,
retaining the same amino acid composition, did not bind to nu-
cleolin-overexpressing cancer cells (data not shown), and drug re-
lease in serum (relative to Caelyx, Fig. S1).

Facing the expected differences on pharmacokinetics between
PEGASEMP and Caelyx, we questioned whether these would trans-
late into relevant safety differences in known models used to assess
Caelyx toxicology [19]. In fact, PEGASEMP was better tolerated by
rats and dogs than Caelyx at the same dose, as assessed by variation
of body weight or survival (Fig. 2d-f). This was likely the result of a
lower systemic exposure that characterized the former (Fig. 2b, c).
Impact of both PEGASEMP and Caelyx over hematological or clinical
chemistry parameters was minimal, often within normal range va-
lues [20-22]. Still, there were evidences of lymphocyte depletion in
rats administered with PEGASEMP (Fig. 2g, Table S1). Considering
that the bone marrow is the site of origin of precursor cells
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Fig. 5. Cell cycle and DNA metabolism deregulation as part of the molecular signature of PEGASEMP's in the treatment of mesothelioma. (a) Female CD-1""" mice bearing
MM487:Luc-derived tumors (at advanced stage) were treated twice, intravenously, with PEGASEMP at 7 mg/kg/week or saline as a control (n = 9/group). Twenty-four hours after
the last administration, tumors were collected and processed for differential gene expression analysis between PEGASEMP-treated samples and controls using the GeneChip™
Human Transcriptome Array 2.0. (b) Heatmap of the differentially expressed genes (DEGs) among all tested gene tags. The heatmap was generated after z-score transformation of
relative expression signals. (c) Gene ontology analysis (GO) of mapped DEGs against PANTHER Biological Process GO-Slim database. Bubble diagram represents the number of
altered transcripts per GO’s. The chord diagram represents the mapped DEGs against the top Biological Process-associated GOs (FDR < 0.001). Genes are ordered by increasing
fold-change (log,) (Blue gradient - downregulated genes; red gradient - upregulated genes). Ribbon thickness encodes the absolute logFC value for each gene. (d) STRING analysis
of the functional interaction between DEGs represented in (c). Each node represents a gene/protein. Line thickness and color intensity encode confidence on protein-protein
interaction. Nodes with unknown interaction were omitted. (e) Impact of PEGASEMP on malignant mesothelioma-associated overexpressed transcripts (gene list was described by
Barone et al. [32]). Data represent the mean fold-change (log,FC) relative to saline (difference p-value is indicated by - yellow/black colored circles, n = 4). Highlighted genes (bold)
fit the differential expression criteria (p-value < 0.05 and absolute log,FC > 0.58). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Fig. 6. Nucleolin expression in primary human breast and mesothelioma tumors. (a) Time-to-event analysis of two independent breast cancer datasets (GSE7390 and GSE2034
[n=198 and 286 patients, respectively]) according to nucleolin mRNA levels (nucleolin'® and nucleolin") in primary tumors, stratified at identified quantiles (Q) (p-values
calculated by logrank Mantle-Cox test). (b) Distribution of estrogen receptor (ER) status across breast tumors (p-value calculated with y? test) according to relative nucleolin
mRNA levels (p-value calculated with Mann-Whitney test). (c) Survival data analysis of mesothelioma patients (GSE2549 dataset, n=45) based on nucleolin mRNA levels in
primary tumors (insert: mesothelioma subtype distribution across nucleolin'®” and nucleolin™#" tumors) (p-values calculated by logrank Mantle-Cox test). (d) Nucleolin ex-
pression in primary human mesothelioma tumors relative to normal pleura tissue (p-value calculated with Dunn’s test). (e) Mesothelioma microarray (22283 genes) heatmap of
clustered genes (z-score-based k-means) upon tumor stratification using survival’s optimum cutoff (Q = 46%), and compared to normal pleura tissue. (f) Volcano-plot of cluster-
specific differentially expressed genes (DEGs) (p-value < 0.05, calculated using t-test) between nucleolin'®" and nucleolin™#" mesothelioma tumors (insert: distribution of DEGs
across clusters). (g) Chord plot of the top deregulated processes (lowest false discovery rate, FDR) per cluster, upon mesothelioma’s DEGs mapping against PANTHER Biological
Process database (number of ontologies per cluster reflects the relative percentage of each cluster contribution for the total mapped ontologies). ™ p > 0.05, *p < 0.05, **p < 0.01,
***p < 0.0001.

originating B-cell and T-cell progenitors in the peripheral lymphoid specific nucleolin clustering into membrane raft-like domains trig-
tissues, the bone marrow aplasia arising from PEGASEMP adminis- gered by F3 peptide (in the form of DSPE-PEG,,-F3 micelles), in line
tration was considered the main cause of the lymphocyte depletion, with other several specific (nucleolin-binding) ligands (as midkine,
further observed in the thymus, spleen and lymph nodes [51], but pleiotrophin or HB-19) [58-60], and the further inhibition of cellular
still in an extent lower than Caelyx (Fig. 2h). This is compatible with association of F3 peptide-targeted liposomes upon blocking N-gly-
the toxicity profile described for anthracyclines, which includes cosylation (impairing nucleolin translocation to the cell sur-
hematopoietic suppression, often associated with increased oxida- face [31]).

tive stress through induction of free radical production [52]. Under the EPR paradigm [61], the antitumor effect of PEGASMEP
Nevertheless, lymphocyte depletion is a common non-specific against nucleolin™®" expressing tumors (Fig. 3d, e), subsequent to
change related to stress [51], and therefore contribution from the enhanced intracellular delivery and improved intratumor bioa-

stressful conditions cannot be ruled out from the lymphoid changes. vailability of doxorubicin (Fig. 3b, d), could be hardly anticipated
Anthracyclines are also associated with dose-limiting cardiotoxicity given the lower systemic exposure of doxorubicin (assessed by mass
[53]. However, cardiac function-related changes (Troponin I (Fig. 2g, spectrometry (Fig. 3b)), relative to liposomes devoided of ligand-
Table S4)) upon PEGASEMP administration were transient and re- mediated targeting and trigger release components. One might
coverable, not presenting any evidence of histological lesion. Thus, argue that the enhanced bioavailability of doxorubicin provided by

the residual impact of PEGASEMP over cardiac function is consistent PEGASEMP (Fig. 3b) should translate to superior antitumor effect
with the protection originally provided by a liposomal formulation compared to Caelyx. Yet, the administration frequency to determine

[41]. Mainly in dog males, testes were significantly affected by PE- each parameter was distinct, and multi administration could actu-
GASEMP treatment (Fig. S3b), related with anthracycline action. ally compromise over time the nucleolin positive tumor vasculature
Nevertheless, the presence of normal Sertoli cells, accompanied by and, subsequently, the tumor delivery and bioavailability indexes of
formation of a meshwork around developing germ cells [54], sug- PEGASEMP (as well as Caelyx), which remains to be fully de-
gested organ recovery. termined. Nonetheless, collectively, the results supported a nu-

Having PEGASEMP presented an overall more favorable tox- cleolin-dependent drug delivery mechanism into nucleolin™&" solid
icological profile than Caelyx, at the cost of a lower systemic ex- tumor, lessening the dependence on both elevated systemic ex-

posure (Fig. 3b), it was surprising that PEGASEMP enabled the same posures (and associated side effects) and the EPR effect (Fig. S7),
impact on tumor burden as Caelyx, against nucleolin™&" tumors demonstrated to take place in limited extent in patients, which has
(Fig. 3b). This result would have not been possible if the antitumor been compromising efficacy [61].

effect of PEGASEMP solely relied on an EPR-based tumor accumu- The therapeutic efficacy and safe toxicological profile of
lation. Herein, a number of aspects have been identified that could PEGASEMP, underlying the mechanism of drug delivery associated
support these results. with pH-sensitive pegylated liposomes targeted to nucleolin, and the

The assessment of doxorubicin in the tumor by two different given mechanism of action of its payload, urged us to test
techniques, not often seen in the literature, as liquid-chromatography- PEGASEMP’s therapeutic relevance in an highly invasive and pro-

tandem mass spectrometry (indicative of drug bulk accumulation in liferative disease, as pleural mesothelioma [33]. As it overexpressed
the tumor) and confocal microscopy (indicative of doxorubicin® tumor nucleolin, (Fig. 4a), PEGASEMP was highly effective in controlling
cells), was crucial to better understand the mechanism of action of epithelioid mesothelioma tumor growth, in monotherapy, as com-
PEGASEMP relative to Caelyx. In fact, the similar tumor delivery index pared to the standard of care (Fig. 4c, d), an observation of utmost
provided by the former methodology (Fig. 3b) was not predictive of the importance given the fact that the model was derived from cells of a
higher tumor bioavailability index of PEGASEMP relative to Caelyx, as patient in disease progression, previously treated with the standard
demonstrated by the latter technique (Fig. 3b, d) [55]. This was not the of care (pemetrexed + cisplatin) [62]. Hence, this animal model was
case of liposomes functionalized with a monoclonal antibody targeting resistant to pemetrexed and partly to cisplatin, thus recapitulating a
the HER2 antigen, overexpressed in (poorly accessible) cancer cells, and highly relevant clinical situation [63]. Furthermore, the antitumor
thus highly dependent on the EPR effect to reach the target. In fact, this effect of a water-soluble anti-nucleolin aptamer-paclitaxel conjugate
targeted formulation presented the same extent of accumulation in (NucA-PTX) was recently characterized against ovarian tumors [64].
breast tumors as the non-targeted counterpart, besides a similar sys- NucA-PTX enabled a 33% reduction of tumor growth at the end of
temic exposure [56]. Interestingly, the advantage of PEGASEMP on experiment, as compared to the non-specific counterpart or free
tumor burden, over non-treated mice, was actually dissipated upon drug (standard of care) [64]. Notwithstanding the antitumor effect
assessing activity against tumors derived from nucleolin®” 4T1 cells, was not as extensive as PEGASEMP’s, attributable to differences as-
yet more sensitive to PEGASEMP than nucleolin™&" MDA-MB-435S in sociated with the nature of the delivery system as well as tumor
vitro (Fig. S6). In addition, at the tumor level, PEGASEMP markedly model, both results reflect the importance of nucleolin as a target for
decreased by 19-fold the nucleolin® vasculature relative to Caelyx enhanced drug delivery.

(Fig. 3b, c), an observation aligned with the N6L peptide-mediated Additionally, the therapeutic impact of PEGASEMP, alone or
targeting of nucleolin® tumor angiogenic blood vessels [14,57]. combined with cisplatin, over tumor invasion of chest cavity (Fig. 4j)

The previous results supported an association between the an- provided support for a neoadjuvant regimen against mesothelioma
ticancer activity of PEGASEMP and nucleolin tumor expression. This [65]. Furthermore, the results obtained with PEGASEMP as single
was further reinforced by the combined demonstration of the treatment in the biphasic models suggested that disease stage may
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influence the therapeutic outcome, as often described in the clinic
[66]. Early-treated (epithelioid and biphasic) tumors may be re-
sponsive to PEGASEMP in monotherapy, while advanced biphasic
mesothelioma may benefit from a combination of PEGASEMP and
cisplatin (Fig. 4d, i). Molecularly, the antitumor effect of PEGASEMP
against mesothelioma relies on a deregulation of cell division
through downregulation of cell cycle and DNA metabolism-related
processes, as indicated by comparative transcriptomic analysis
(Fig. 5), including the downregulation of transcripts consensually
described as overexpressed in malignant mesothelioma (Fig. 5e) [32]
and strongly involved in cell division processes, such as topoi-
somerase 2, cyclin B1 or the proliferation marker Ki67 (TOP2A,
CCNB1 or MKI67, respectively) (Tables S8, S9). Furthermore, while
p53 upregulation was not observed (Fig. S9 and Table S8), upregu-
lation of MDM2 and TP53INPI (Fig. 5¢) could be associated with
doxorubicin-mediated oxidative stress [53]. Alternatively, upregu-
lation of COL1A2 and FGF2 may be the result of a fibrotic process
associated with the treatment, and predictive of longer overall sur-
vival and disease-free survival [67]. Thus, PEGASEMP affected, in
part, the molecular signature of malignant mesothelioma by im-
pairing cell division, consistent with the mechanism of action of
doxorubicin [53]. In fact, the querying of breast and mesothelioma
datasets demonstrated a direct correlation between high nucleolin
mRNA levels and better patient prognosis, compared to low-ex-
pression cancers (Fig. 6a, ¢) and in accordance with previous ob-
servations [37]. Furthermore, it was observed a higher frequency of
ER- tumors in nucleolin™&" breast cancer groups and a biological
distinction of nucleolin®" mesotheliomas from those nucleolin'®",
favoring nucleic acid metabolism on the former (Fig. 6b, g). Alto-
gether, and in the context of PEGASEMP’s preclinical efficacy and
safety data above (Figs. 2-4), those observations suggested that
nucleolin-targeting strategies may be potentially effective alter-
natives in the treatment of patients with nucleolin-overexpressing
tumors that may lack the therapeutic options or the effectiveness
from the standard of care, as ER- breast cancer and mesotheliomas,
respectively.

Conclusions

The difficulties in treating solid tumors, are transversal to a
number of different strategies targeting overexpressed markers, as
anticancer nanomedicines or antibody drug conjugates, aiming at
acting locally while avoiding systemic activity, and thus improve
anticancer efficacy and reduce toxicity to healthy tissues. In the case
of anticancer nanomedicines, the reduced percentage of injected
dose (lower than 1%, Ref. 9) that reaches the tumor, along with the
limited access to the tumor microenvironment, illustrated by EPR-
based nanomedicines like Caelyx, have represented barriers them-
selves. They limit the accomplishment of the full potential of na-
nomedicines in the treatment of solid tumors. It is thus important to
engineer novel delivery mechanisms that make the best use of the
limited dose reaching a solid tumor. To address these challenges, pH-
sensitive pegylated liposomes, based on unsaturated phosphatidy-
lethanolamines, as DOPE, and mildly acidic amphiphiles that act as
stabilizers at neutral pH, as CHEMS, have been combined with a
component of nucleolin targeting (PEGASEMP). In other words, the
efficient intracellular pH-triggered release and rapid blood clearance
of the former have been combined a targeting component towards a
marker readily accessible in the tumor vasculature, besides cancer
cells. The results herein presented support a novel mechanism of
drug delivery towards nucleolin-overexpressing solid tumors. It
lessens the dependence on the EPR effect in respect to the antitumor
activity, while maintaining a safer toxicological profile, arising from
a lower systemic exposure, relative to the gold standard delivery
system for doxorubicin, Caelyx. Notwithstanding the thorough tox-
icokinetic assessment performed in three different species, including
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mice, rats and dogs, efficacy needs to be further complemented with
immunocompetent animal models. Nevertheless, the approval of the
anti-PD-L1 monoclonal antibody Atezolimumab combined with the
paclitaxel-containing nanoparticles (Nab-paclitaxel) [68] is a good
example on how a nanoparticle and its encapsulated payload can
synergize with the immune tumor microenvironment. In fact, the
former is described to enhance the priming and lytic activity of
CDS8'T cells [69]. A payload like doxorubicin could increase the im-
munogenicity of malignant cells by inducing immunogenic cell
death, resulting in stimulation of myeloid cells to differentiate into
antigen-presenting cells and thus triggering effective adaptive im-
mune responses [70].

Overall, the work herein presented support nucleolin as a corner-
stone target to be exploited in a clinical setting, against nucleolin-
overexpressing tumors of diverse histological origin. Furthermore, the
demonstration that PEGASEMP targeting effectiveness depends on
nucleolin overexpression, as expected, anticipates the need of an ade-
quate patient stratification to ensure adequate outcome predictability.
Collectively, the pharmacodynamic insight on PEGASEMP that under-
lies its antitumor effect across different tumor models, reflected its
potential as a novel nanomedicine, with the ability to introduce a
significant benefit in terms of efficacy against nucleolin-overexpressing
human tumors, as well as in terms of safety.

Materials and methods
Liposomes

A 3L pilot batch of PEGASEMP (and an empty version) was
produced by ethanol injection method at Evonik Canada (former
Northern Lipids, Canada) under Good Manufacturing Practices con-
ditions. Resulting multilamellar vesicles were extruded through
80 nm membranes to form large unilamellar vesicles. Encapsulation
of doxorubicin was performed through remote loading [71]. Sterile
filtration was performed before vial filling. Assessment of residual
solvents (result: not detected), bacterial endotoxins (result: < 0.8
EU/mL) and sterility (result: no growth) was validated according to
USP (United States Pharmacopeia)< 467 >, USP< 85 >and USP
< 71 >monographs, respectively. Alternatively, liposomes with a
similar lipid composition of PEGASEMP were fluorescently labeled
upon incorporating 1 mol% of Rhodamine-PE in the formulation, and
further prepared by ethanol injection method [72].

Cell culture

Nucleolin-overexpressing MDA-MB-435S cell line and 4T1
murine triple-negative breast cancer cells were acquired from ATCC
(Virginia, USA) and cultured in RPMI 1640 (Sigma-Aldrich, USA)
supplemented with 10% (vol/vol) of heat-inactivated Fetal Bovine
Serum (FBS) (Invitrogen, USA), 100U/mL penicillin, 100 pg/mL
streptomycin (Lonza, CH) and maintained at 37 °C in a 5% CO, at-
mosphere. The pemetrexed and cisplatin resistant epithelioid
MM473 and the biphasic MM487 mesothelioma lines were isolated
from patients as previously described [62]. Both cell lines were
cultured in Ham’s F-10 Nutrient Mixture medium (Gibco, USA)
supplemented with 10% (vol/vol) of heat-inactivated FBS (Gibco,
USA) and 0.05mg/mL of gentamicin sulfate (EuroClone, IT) and
maintained at 37 °Cin a 5% CO, atmosphere. From those, luciferase-
expressing MM473:Luc and MM487:Luc were obtained as described
[63]. For in vivo studies, MM473:Luc and MM487:Luc were cultured
in Ham’s F-10 Nutrient Mixture medium, supplemented with 10%
(vol/vol) FBS and 400 ng/mL of neomycin, and expanded in a 37 °C
incubator with saturated humidity and 5% CO,. Cells were routinely
tested for mycoplasma contamination, using MycoAlert Mycoplasma
Detection kit (Lonza, CH). Cells were authenticated by examination
of morphology and consistent in vitro performance.
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Animals and animal models

Female BALB/c mice [BALB/cAnNCrl], BALB/c nude mice [CAnN.Cg-
Foxn1™/Crl] and female CD-1 nude mice [Crl:CD1-Foxn1™] (Charles
River, FR or IT), were housed in individually ventilated cages on a 12h
light:12 h dark cycle at 20-24 °C and 45-65% humidity. Mice were al-
lowed free access to sterilized diet and water. To generate a model of
nucleolin-overexpressing tumor, 2.5x 10> MDA-MB-435S cells were
orthotopically injected in the mammary fat pad of 5-week-old female
BALB/c nude mice. The low nucleolin-expressing tumors were gener-
ated upon the orthotopic injection of 500 triple-negative 4T1 murine
breast cancer cells into the mammary fat pad of 5-week-old female
BALB/c mice. Tumors were measured twice a week with a caliper and
tumor volume (TV) was determined using the equation
TV =0.5 x L x W? where L is the length of longest axis and W is the
length of shorter axis. Human mesothelioma mouse models were
generated as previously described [63]. Briefly, 1x 10° mesothelioma
cells were orthotopically injected intrapleurally (i.pl.) in 4-5 weeks-old
female CD-1 nude mice, under deep isoflurane anesthesia. Cell en-
graftment was followed for until treatment start (described below)
through the IVIS Spectrum (PerkinElmer, USA) in vivo imaging tech-
nology, for the evaluation of the bioluminescence signal radiance (p/s/
cm?/sr), 30min after i.p. administration of p-Luciferin (150 mg/kg).
Once tumors reached adequate size, animals were randomly allocated
to treatment groups.

Experiments with rats and beagle dogs were performed at Aptuit
(Verona, IT), an Evotec Company, under Good Laboratory Practices (GLP)
guidelines. Nine weeks-old female and male CD® IGS rats [Crl:CD(SD)]
(Charles River, IT) were housed under a 12 h light:12 h dark cycle at
20-22 °C and 45-65% humidity. Rat maintenance diet Altromin R and
filtered water was available ad libitum. Nine-months-old female and
male beagle dogs (Marshall, Bioresources, FR) were housed in concrete/
solid-floor pens with sawdust litter under a 12 h light:12 h dark cycle at
19-21 °C and 45-65% humidity. To each dog, a daily portion of 350 g of
pelleted diet (Harlan Teklad 2021) was provided. On administration
days, food was provided approximately one hour after dosing. Food
was available to animals overnight but was withdrawn early in the
morning. Filtered water was freely available.

Live cell confocal microscopy evaluation of cell surface nucleolin

Forty thousand MDA-MB-435S cells were seeded in 8-well micro-
scopy p-slide (Ibidi, DE). Twenty-four hours later, the cells were pre-
incubated at 4 °C for 1 h followed by 5 min of cold PBS-BSA. Cells were
then incubated 15 min at 4 °C with PBS-BSA containing 16.7 pM of PE-
PEG,-F3 micelles and 10 ug/mL anti-NCL-Alexa®488 antibody [mouse
364-5 clone] (Abcam, UK) or the respective IgG1y isotype (Affymetrix,
USA). Cells were then washed 2x with PBS-BSA and incubated with
Hoechst for 10 min at room temperature. Hoechst excess was removed
by 3x wash with PBS. Cell were maintained in 200 pL of PBS, and image
acquisition (1508 x 1508 pixels) was performed using the LSM 710
AxioObserver confocal microscope, equipped with a Plan-Apochromat
63x/1.4 Oil DIX M27 objective, controlled by Zen 2012 SP1 v8.1.3.484
(64-bit) software (Zeiss, DE).

Nucleolin protein levels upon incubation with micelles functionalized
with the F3 peptide

Nucleolin protein levels were assessed by western blot upon in-
cubation with DSPE-PEG,,-F3 micelles. Eight hundred thousand cells of
each cell line were left undisturbed for 30 min and then centrifuged for
3min at 170g; cell pellets were resuspended in 10 mM phosphate
buffered saline (138 mM NaCl and 2.7 mM KCl) containing 1% bovine
serum albumin (wt/vol) and incubated for 20 min. Cells were further
centrifuged for 3 min at 170g, resuspended in PBS-BSA either alone or
containing 16.7 uM PE-PEG,,-F3 micelles and incubated for 60 min, at
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37 °C. Cells were then washed twice with cold PBS and harvested and
sonicated in RIPA buffer (50 mM Tris, pH 8.0, 150 mM Nacl, 1% NP-40,
0.1% SDS, 0.5% sodium deoxycholate, 1 mM EDTA, 1 mM EGTA, 1 mM
DTT, 1 mM PMSEF, and a cocktail protease inhibitors and phosphatase
inhibitors). Equal amounts of protein (10 pg) were resolved on 10%
sodium dodecyl sulfate (SDS) polyacrylamide gels and transferred onto
poly(vinylidene difluoride) (PVDF) membranes. Immunoblotting was
performed using the anti-NCL antibody (mouse monoclonal EPR7952,
3.4 ng/mL, Abcam, UK) and the anti-GAPDH (mouse monoclonal GA1R,
0.5 pg/mL, ThermoFisher, USA) as loading control, and revealed by
chemifluorescent reagent (Amersham, USA). Semi-quantitative ana-
lysis was carried out using ImageLab 4.1 image analysis software.

Impact of F3 peptide on surface levels of other cell surface proteins

Two hundred and fifty thousand MDA-MB-435s cells were in-
cubated with 10 pg/mL anti-NCL-Alexa®488 antibody [mouse, 364-5
clone] (Abcam, UK), 0.6 ng/mL anti-NP1-PerCP-eFluor710 [mouse,
TNKUSOHA clone] (Invitrogen, USA) and 0.5 pg/mL anti-CD44-PECy5
[rat, IM7 clone] (Abcam, UK) for 1h at 37 °C in the presence or
absence of 16.7 uM PE-PEG,,-F3 micelles, in PBS with 1% BSA. As
controls, the respective IgG isotypes were used at the same con-
centrations. Cells were then washed twice with PBS and stained with
LIVE/DEAD Fixable Far Red reagent (Life Technologies, USA), as per
manufacturer instructions, to exclude death cells and immediately
analyzed in a FACScalibur flow cytometer (BD Biosciences, US). A
total of 20,000 events were collected and analyzed.

Cellular association of fluorescently labeled F3 peptide-targeted
liposomes

Two hundred and fifty thousand MDA-MB-435s cells were in-
cubated in presence or absence of 5pg/mL tunicamycin (Sigma-
Aldrich, USA) for 24 h at 37 °C. Cells then incubated with 0.4 mM of
F3 peptide-targeted liposomes fluorescently labeled with rhoda-
mine, for 1h at 37 °C. Non-targeted liposomes were used as con-
trols. Cells were then washed with PBS (3 times) and immediately
analyzed in a FACScalibur flow cytometer (BD Biosciences, US). A
total of 20,000 events were collected and analyzed.

Antitumor activity of PEGASEMP against murine models of cancer

The antitumor activity of PEGASEMP was evaluated against breast
tumors. Animals bearing nucleolin-overexpressing MDA-MB-435S-de-
rived tumors (100-150 mm?) were treated with PEGASEMP at 7 mg of
doxorubicin/kg, once a week, for 5 weeks. Additionally, as controls,
animals were treated with Caelyx at 5 mg/kg or the saline solution,
once a week, for 5 weeks. Alternatively, animals bearing 4T1 triple-
negative breast tumors (50-90 mm?>) were treated with 7 or 9mg of
doxorubicin/kg, once a week, for 5 consecutive weeks. Animals treated
with saline solution were used as controls. On both models, tumor
volume was monitored twice a week, as well as body weight, signs of
stress, and general wellbeing. Animals were euthanized one week after
5th treatment. Humane endpoints including body weight below 90%
(of initial weight, Week 0) or a tumor volume above 700 mm? lead to
early animal termination. Signs of specific secondary side effects of
liposomal doxorubicin and movement impairment (owed to tumor
growth) were also accounted. Upon euthanasia, tumors were collected,
fixed in Tissue-Tek Xpress® Molecular Fixative (Sakura, USA), and em-
bedded in paraffin until use.

Additional antitumor activity of PEGASEMP was determined in or-
thotopic mouse models of mesothelioma. Two weeks (MM473:Luc), 3
weeks (MM487:Luc Early Stage) and 4 weeks (MM487:Luc Advanced
Stage) after cell injection, animals were randomly allocated to different
treatment groups: saline; PEGASEMP at 5.6 or 7 mg of doxorubicin/kg;
cisplatin at 4.0 mg/kg alone or combined with PEGASEMP at 5.6 mg of
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doxorubicin/kg, weekly administered for 5 weeks (q7dx5). A control
group was administered with the standard of care (a combination of
cisplatin at 4.0 mg/kg (q7dx5) plus pemetrexed at 100.0 mg/kg, thrice a
week, for 5 weeks (q2dx3x5)) [25,73]. Cisplatin posology and schedule
matched its MTD as a single agent, in mice [74]. Bioluminescence, as a
measure of tumor growth, was monitored weekly as above. Body
weight was recorded weekly to evaluate potential toxic effects of the
treatments. At experiments end, mice were euthanized and submitted
to complete necroscopy. Thereafter, the parietal and visceral pleura and
the respective organs of all the animals were preserved in a 10% buf-
fered formalin solution, until use.

Nucleolin and CD31 area staining determination using
Stereolnvestigator-based approach

The area occupied by nucleolin and CD31-positive cells was de-
termined in MDA-MB-435S-derived tumors randomly selected from
the subset of animals that underwent 5 treatments in each group.
Briefly, 4 tumors sections/tumor (n=3-4 tumors per group) were
processed using IHC procedures as described above. Each slide was
then analyzed in an Axiolmager Z2 microscope using a Plan-
Apochromat 40x/1.3 Oil objective (Zeiss, DE), controlled by
Stereolnvestigator v11.03.1 software (MBF Bioscience, USA). For every
section, the tumor area was digitally defined. Stereolnvestigator was
then configured to place a 200 x 200 pm counting frame every 800 um
in a grid automatically and randomly established within the defined
tumor area. The corresponding sampling area was then swept using
the area fractionator tool and the area (in percentage) occupied by the
cells of interest, within the sampling area, was established.

Pharmacokinetics of doxorubicin-containing PEGASEMP

Doxorubicin blood clearance profile was evaluated in both female
BALB/c and female MDA-MB-435S tumor-bearing BALB/c nude mice
(once tumors have reached 100-150 mm?). Briefly, animals were
randomly allocated to different groups according to formulation or
administered dose (n=15-16 animals per group). PEGASEMP was
intravenously administered, in the tail vein, at 5, 6 and 7 mg of
doxorubicin per kg of body weight. As a control, non-targeted non-
pH sensitive liposomal doxorubicin (Caelyx) was administered by
the same route, 5 mg of doxorubicin/kg. Within each group, mice
were divided into four subsets (n=3-4 animals per subset) ac-
cording to the timepoint of blood collection (2 bleeds per animal).
The tubes (K3EDTA-coated) were centrifuged at 800g for 10 min, at
room temperature, and plasma was collected and stored at —-80 °C
until analysis. When appropriate, animals were euthanized, and
MDA-MB-435S-derived tumors were collected, snap-frozen in liquid
nitrogen and stored at - 80 °C, until further analysis.

In another set of pharmacokinetics studies, PEGASEMP was in-
travenously administered at 1 or 2 mg of doxorubicin/kg to male and
female beagle dogs (n=3 per sex gender) or male and female CD®
IGS rats (n=3 per sex gender), once every week for 4 consecutive
weeks. Control groups, consisted of Caelyx at 1 or 2 mg of doxor-
ubicin/kg, in the dog or rat experiments, respectively. Further control
in both species included the administration of saline vehicle solution
of PEGASEMP. The blood clearance profile of doxorubicin was es-
tablished following first intravenous administration of PEGASEMP.
Serial blood collection (0.5, 1, 2, 5, 8, 24 and 48 h after administra-
tion) was performed into K3EDTA-coated tubes. Upon centrifugation,
plasma was collected and stored at -20 °C until analysis.

Intratumoral localization of doxorubicin by laser confocal microscopy
Previously frozen MDA-MB-435S-derived breast tumors (approxi-

mately 150 mm?>, 4 tumors per group), recovered 24 h after single i.v.
administration of PEGASEMP at 6 and 7 mg of doxorubicin/kg or Caelyx
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at 5mg of doxorubicin/kg, were thawed, sliced in half, and mounted
onto disposable base molds. The tumor tissues were immediately
embedded in OCT compound (Tissue-Tek Sakura, NL) and stored at
-80 °C. Thirty microns sections were obtained in a CM3050S Cryostat
(Leica, DE) using DB8OLS blades (Leica, DE). Two random cuts (each
with two tumor sections, one from each half) were placed on
SuperFrost® Plus slides (ThermoFisher, USA), washed with phosphate
buffer saline, PBS (1.4 mM potassium phosphate monobasic, 2.7 mM
potassium chloride, 43 mM disodium hydrogen phosphate and
137 mM sodium chloride, pH 7.4), and mounted using Fluoroshield®
mounting medium with DAPI (Abcam, UK), and allowed to dry at room
temperature in the dark. Two slides from each tumor were collected
(8 slices per tumor).

Each tumor slice area was fully inspected for doxorubicin fluor-
escence using LSM 710 AxioObserver confocal microscope using
Plan-Apochromat 40x/1.4 Oil objective controlled by Zen 2012 SP1
v8.1.3.484 (64-bit) software (Zeiss, DE). Area swept and image ac-
quisition (1024 x 1024 pixels/0.045 mm?) were performed blindly
by the operators to minimize bias. Image analysis was performed
blindly using Zen v2.0 software (blue edition, 64-bit, Zeiss, DE) en-
abling one to count doxorubicin positive cells.

Gross pathology, histopathologic analysis and scoring of mesothelioma-
derived lesions

On necropsy, animals bearing MM437:Luc-derived mesothelioma
tumors were inspected for evidences of grossly detectable chest
invasion, pleural/visceral plaques and microscopic evidence for
pulmonary lesions. On a qualitative basis and depending on the
extent of the lesion of the area of the affected lobe, pulmonary le-
sions were grouped as follows: from small to medium-sized, large-
sized or massive for lesion extent lower than 10%, ranging from 10%
to 20%, or higher than 20% up to 50%, respectively. Accordingly, the
combined information on the neoplastic lesions were scored as
follows: (a) slight - for variably-sized pleural plaque/s only; (b) mild -
variably-sized pleural plaque/s only, in presence of large visceral
plaques; (c) moderate - small to medium-sized pulmonary infiltrate,
possibly in presence of variably-sized pleural plaques; (d) severe -
variably-sized pulmonary infiltrates/large-sized pulmonary in-
filtrate, possibly in the presence of variably-sized pleural plaques;
and (e) marked - massive pulmonary infiltrate, possibly in the pre-
sence of variably-sized pleural plaques. The percentage of animals
falling within a category range was determined and plotted for each
treatment group.

Differential gene expression in mesothelioma upon PEGASEMP
treatment

Female CD-1 nude mice bearing the MM487:Luc advanced bi-
phasic mesothelioma tumors (see above), were treated twice, in-
travenously, with PEGASEMP at 7 mg/kg/week (n=9/group). Saline
was used as control following the same schedule. This schedule
enabled the collection of tumor masses with enough material for
analysis, otherwise unviable with longer treatments. Twenty-four
hours after the last treatment, tumor masses were collected and
snap-frozen in liquid nitrogen and stored at - 80 °C. Upon RNA ex-
traction (TriFast Gold Reagent [Euroclone, IT] in combination with
TissueLyzer (Qiagen, USA) programmed for 20 Hz for 3 min), four
randomly select samples from each group were subjected to retro-
transcription, labeling and hybridization using HTA2.0 Plus Reagents
KIT (Affymetrix, USA). Samples were profiled using the GeneChip™
Human Transcriptome Array 2.0 (HTA2.0, Affymetrix, USA).
Processing and downstream analysis of the experimental data was
performed with R (version 3.5.0), using Bioconductor Oligo package
(version 1.44.0) [75] for the oligonucleotide microarray-preproces-
sing with the RMA algorithm [76,77], which includes background
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subtraction, normalization and summarization steps. Identification
of the differentially expressed genes (DEGs) for PEGASEMP-treated
tumors was performed relative to non-treated tumors, using limma
package (version 3.36.1) [ 78]. The data have been deposited in NCBI's
Gene Expression Omnibus [79] and are accessible through GEO
Series accession number GSE121205 (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE121205). DEG’s were determined con-
sidering the cutoff values of difference p-value < 0.05 and absolute
log,FC > 0.58. Gene ontology (GO) annotation of DEG’s was per-
formed using the PANTHER-powered Gene Ontology Consortium
database (geneontology.org) using PANTHER GO-Slim Biological and
Cellular component datasets (version 13.1). STRING analysis (string-
db.org, version 10.5) was also performed to predict functional in-
teraction between DEG'’s, highlighting functional enrichments. Fur-
thermore, data visualization was designed using RStudio (v1.1.453)
with relevant R packages [ggplot2 (v3.0.0) and ComplexHeatmap
package (v1.18) [80] after z-score [z = (x-11)/c] transformation of re-
lative expression signals], and Circos Online tool [81].

Assessment of PEGASEMP impact on hematological and clinical
chemistry parameters of rats and dogs

At week 3 and 4, blood was collected from dogs and rats, re-
spectively (either administered with PEGASEMP or controls), into
tubes containing K3EDTA. Hematological parameters (red blood cells
[and respective size distribution], reticulocytes, white blood cells
[with differential analysis of neutrophils, lymphocytes, monocytes,
eosinophils, basophils] and platelet counting, and further evaluation
of hemoglobin, hematocrit, mean cell volume, mean cell hemoglobin
and mean cell hemoglobin concentration) were assessed in an
ADVIA® 120 automated hematology system (Siemens, DE). At the
same timepoints, blood was collected into serum collection tubes
without anticoagulant for analysis of clinical chemistry parameters.
Serum enzyme levels (Alkaline Phosphatase, Alanine
Aminotransferase, Aspartate Aminotransferase, Glutamate dehy-
drogenase, Creatine Kinase), total bilirubin, creatinine, protein con-
tent (total protein and albumin), inorganic content (potassium,
sodium, calcium, chloride, inorganic phosphorus), lipid (triglycerides
and cholesterol) and glucose levels were determined using an
ADVIA® 1650 automated clinical chemistry system (Siemens, DE).
Normal reference intervals for rats and dogs at similar age were
collected from literature [20,21] and Charles River reference values
[tinyurl.com/y7s408rh].

Evaluation of treatment-associated cardiotoxicity in beagle dogs

Assessment of the plasma levels of cardiact troponin I (cTnl) was
performed in beagle dogs as a measure of the potential direct cardiac
toxicity of PEGASEMP. Briefly, blood plasma was collected into tubes
without anticoagulant, 2 weeks after treatment initiation from the
animals involved in the toxicokinetic study. Plasma levels of cTnl
were then determined using a highly sensitive chemiluminescence
method (Acridinium Ester Tnl-Ultra assay, Siemens, DE) on ADVIA
Centaur® CP Immunoassay high-throughput bench top system
(Siemens, DE). Normal reference intervals at similar age were col-
lected from literature [22].

Patient survival and data analysis

GEO datasets from breast cancer (GSE7390 and GSE2034 [n=198
and 286], respectively) and mesothelioma (GSE2549, n=45) [38-40]
were explored. Nucleolin mRNA expression and patient survival data
were plotted considering the best cutoff provided by survminer R
package (v0.4.3). Breast cancer survival analysis by subtype was not
completed because the data sets are not categorized with that in-
formation. Cluster heatmap analysis was performed using k-means in R,
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upon data transformation to z-score. Gene ontology annotation of DEG’s
per cluster was performed using the PANTHER GO Biological component
dataset. Data visualization was further composed as described above.

Statistical analysis

Results are expressed as mean * SEM, unless otherwise speci-
fied. Statistical analysis (p-values, n’s and statistical tests) is included
in the text and figure legends.

Study approval

All experiments involving mice were in accordance with
the European guidelines for the care and use of laboratory animals
(2010/63/EU directive) and approved by the appropriate institutional
review board. The experiments with rats and beagle dogs were per-
formed in accordance to OECD guidelines (ENV/MC/CHEM(98)17).
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