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ABSTRACT: Prion diseases are a group of neurodegenerative disorders characterized
by the accumulation of misfolded prion protein (called PrPSc). Although conversion of
the cellular prion protein (PrPC) to PrPSc is still not completely understood, most of
the therapies developed until now are based on blocking this process. Here, we
propose a new drug strategy aimed at clearing prions without any direct interaction
with neither PrPC nor PrPSc. Starting from the recent discovery of SERPINA3/
SerpinA3n upregulation during prion diseases, we have identified a small molecule,
named compound 5 (ARN1468), inhibiting the function of these serpins and
effectively reducing prion load in chronically infected cells. Although the low
bioavailability of this compound does not allow in vivo studies in prion-infected mice,
our strategy emerges as a novel and effective approach to the treatment of prion
disease.

■ INTRODUCTION

Prion diseases, or transmissible spongiform encephalopathies
(TSEs), are a class of rare and fatal infectious neuro-
degenerative disorders characterized by brain vacuolation,
neuronal loss, and cognitive and motor impairments.1

Etiological agents responsible for TSEs are prions, novel
infectious agents derived from the physiological membrane-
bound cellular prion protein (PrPC).2,3 When PrPC acquires its
misshapen state (referred to as PrPSc), it tends to form
aggregates, imposing its anomalous structure on the benign
PrPC molecules. Prions thus act as corruptive seeds that initiate
a chain reaction of PrP misfolding and aggregation.4 As prions
grow, fragment, and spread, they cause neuronal loss
perturbing the function of the nervous system and ultimately
leading to the death of affected individuals.5 Despite great
efforts that have been dedicated to the understanding of the
precise molecular mechanisms leading to prion diseases, no
effective therapies have yet been developed.6

Small molecule-based approaches targeting PrPC7,8 or
genetic strategies aimed at reducing PrPC amounts9,10 have
been proposed to impede disease progression with limited
success. Thus, several attempts have been made to identify
different targets involved in prion infection. In this context, the
SERPINA3 protein could play a role in prion disease
pathogenesis. Indeed, in 2014, a large-scale transcriptome
gene expression analysis of bovine spongiform encephalopa-
thies (BSE)-infected cynomolgus macaques (Macaca fascicu-
laris) revealed a striking upregulation of SERPINA3.11 This
upregulation was later confirmed in human frontal cortex

specimens from patients affected with different types of prion
diseases, both at the protein and transcript levels.12 A
SERPINA3/SerpinA3n (its functional murine orthologue)
role in prion propagation was further corroborated by our
recent observation of SerpinA3n-dependent prion accumu-
lation changes in scrapie-infected cells.13 Therefore, these
findings make SERPINA3 an attractive target for non-PrP-
targeted anti-prion drug strategies.14

We report here the combined use of virtual and phenotypic
screening to identify anti-prion small molecules targeting
SERPINA3. To the best of our knowledge, this is the first
report on a novel SERPINA3 ligand active in cellular models of
the prion infection.

■ RESULTS

Structure-Based Virtual Screening. First, we conducted
a structure-based virtual screening (SBVS) campaign to
identify novel SERPINA3 inhibitors. We docked an internal
library of ∼15,000 drug-like and non-redundant compounds15

against the SERPINA3 sB/sC pocket. This pocket is located at
the interface between B and C beta-sheets and found to be
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essential for SERPIN’s activity, in particular plasminogen
activator inhibitor 1 (SERPINE1).16

Nineteen best-scoring ligands (compounds A-U) (Figure 1
and Table S1) were selected for biological assays.
SerpinA3n Upregulation in Prion-Infected Cells.

Before testing the anti-prion activity of the SERPINA3
inhibitors, the expression levels of SerpinA3n were assessed
in GT117 and N2a18 prion-infected cells. In vitro models of
prion infection represent the most standardized and reprodu-
cible tool for studying prion propagation in an intact cellular
system, since they recapitulate the key molecular events that
characterize prion disease pathogenesis.19 Furthermore, the
ease of manipulation compared to in vivo models makes
scrapie-infected immortalized neuronal cell lines the most used
model to test the efficacy of novel anti-prion therapies.20−22

SerpinA3n transcript was found highly upregulated in both
RML- and 22L-infected GT1 (Figure S1A−C) and N2a

(Figure S2A−C) cells compared to the uninfected control
cells. Since SerpinA3n is a secreted protein,23,24 we performed
a Western blot analysis of the conditioned medium collected
from both prion-infected and un-infected GT1 (Figure S1D)
and N2a (Figure S2D) cell lines. A statistically significant
increase of the extracellular SerpinA3n, in the medium of
RML- and 22L-infected GT1 (Figure S1F) and N2a cells
(Figure S2F) was observed. Nevertheless, we appreciated an
apparent increase in the signal intensity of the intracellular
SerpinA3n bands, in both RML- and 22L-infected GT1
(Figure S1E) and N2a cells (Figure S2E), in comparison with
the uninfected cells.

Identification of SERPINA3 Small Molecule Inhibitor
Showing the Highest Anti-Prion Activity. First, we
determined the possible toxic effects of compounds A-U at
the concentration of 20 μM by performing the MTT assay on
RML-infected GT1 cell lines. We set the toxicity threshold at

Figure 1. Chemical structures of compounds A−U.

Figure 2. Chemical structures of compounds 1−8.
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70% of cell viability compared to vehicle-treated cells21 and
discarded compound A (Figure S3A). Then, the ability of
compounds to reduce PrPSc levels, in prion-infected cells, was
determined by densitometric analysis of Western blot images.
Relative amounts of the proteinase K (PK)-resistant PrPSc were
measured in comparison with the untreated ScGT1 RML cells.
We observed a marked reduction of prion accumulation after
the treatment with compounds F, G, and H (Figure S4A,B).
Subsequently, ScGT1 RML cell viability was again tested with
a higher dose (40 μM) of compounds F, G, and H. MTT assay
revealed a cytotoxic effect of compound F (Figure S3B);
therefore, it was discarded from further analysis. Evaluation of
the anti-prion effect of compounds G and H at 40 μM in
ScGT1 RML cell lines revealed a statistically significant
reduction of PrPSc levels in cell-treated with compound H
(Figure 3A,B).
The most active compounds tested in the acute treatment

experiments (i.e., G and H) share a common scaffold based on
the 5-aminopyrazole core. Therefore, we decided to perform a
second, more specific screening of our chemical library for
further exploring new compounds bearing this heterocyclic
moiety. A ligand-based similarity search of our in-house virtual
library of ∼15,000 compounds resulted in the identification of
eight new analogues (1−8) (Figure 2 and Table S1).15

MTT assay revealed compound 3 as toxic at the
concentration of 20 μM in the ScGT1 RML cell line (Figure
S3C). Screening of the remaining seven compounds (20 μM)
highlighted a marked decrease in prion accumulation upon the
treatment with compound 5 (ARN1468) (Figure S5). Its anti-
prion effect was further validated in the ScGT1 RML cell line,
and the observed PrPSc reduction was around 60% on average
(Figure 3C,D).

Molecular Docking and Inhibitory Activity of com-
pound 5 Against SerpinA3n. Compound 5 was discovered
as the most active compound, and its predicted binding mode
is depicted in Figure S6. The 4-trifluoromethoxy-phenyl
moiety fits into the small hydrophobic pocket formed by
Phe198, Leu223, Leu226, Met 196, Leu242, and Trp194.
While the 5-amino-pyrazole core is located at the entrance of
the sB/sC pocket, the piperidine moiety is exposed to the
solvent, forming an H-bond with Glu195. The ability of serpins
to trap their target proteases in a covalent, SDS-resistant
complex was exploited to confirm the inhibition of SerpinA3n
by 5.25 Therefore, recombinant SerpinA3n was incubated with
chymotrypsin, one of its known target proteases,26 together
with increasing concentrations of compound 5. Coomassie
blue staining of the SDS-PAGE separated samples showed a
dose-dependent activity of 5, with the concentration of 1 mM

Figure 3. Anti-prion effect of anti-SERPINA3 hit compounds in ScGT1 RML cell lines. (A,C) Representative Western blot image of PrPSc, total
PrP, and β-actin in lysates from ScGT1 RML treated with vehicle (CTRL) or compounds G and H at 40 μM, or compound 5 (ARN1468) at 20
μM. Molecular weight markers are represented on the right (kDa). (B,D) Densitometric analysis of normalized PrPSc levels in ScGT1 RML treated
with the vehicle or the drug. Experiments have been performed in triples (n = 6). Statistical significance was assessed using Friedman test and
Dunn’s multiple comparison compared to control cells (B) or Wilcoxon matched-pair signed rank test (D) *p < 0.05.
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completely preventing the SerpinA3n-chymotrypsin covalent
complex formation (Figure S7).
Moreover, to further investigate the interaction between

SerpinA3n and compound 5, the thermodynamic parameters
of the binding were determined by isothermal titration
calorimetry (ITC). In the ITC measurements, the protein
was titrated with compound 5; both species were in 25 mM
Tris, 50 mM KCl, 0.3% DMF, and pH 8.0. A representative
experiment is shown in Figure S8A, where the exothermic
nature of the interaction is visible. Protein concentration was
limited to 16 μM since SerpinA3n showed aggregation
propensity at higher concentrations. For this reason, the
titration produces a saturation-shaped thermogram that does
not reach a complete saturation plateau. The titration data
were fitted by the sigmoidal binding isotherm of the one
binding-site model (Figure S8B). From two independent
experiments, we derived an apparent mean KD of 26 ± 2.36
μM for the single macroscopic dissociation constant. The
derived stoichiometry for the complex is 1:1 (1.4 ± 0.52).
Preliminary analysis of the thermodynamic signature for the
binding of SerpinA3n and 5 suggests a binding driven by
favorable hydrogen with a contribution of hydrophobic
interactions (Figure S8B, inset). For the sake of clarity, we
also showed the control experiments where the buffer was
titrated with 5 and SerpinA3n (Figure S8C,D, respectively)
showing no binding.

Strain and Cellular Host-Independent Anti-Prion
Effect of Compound 5. The anti-prion activity of 5 was
also assessed in ScGT1 cells infected with the 22L strain. The
treatment reduced PrPSc levels by 35%, on average (Figure
4A,D). The ScN2a RML cell line treated with compound 5
revealed an average of 60% reduction in prion load (Figure
4B,E). Additionally, 5 was tested in ScN2a cells infected with
22L prion strain where it reduced prion levels by almost 85%
(Figure 4C,F).
EC50 of 5 in both N2a and GT1 prion-infected cell lines

ranged from 6 to 19 μM (Figure 5).
Furthermore, its cytotoxicity was estimated after a 6-day

treatment with LD50 values ranging from 34 to 55 μM (higher
compared to EC50 values) (Figure S9).

Chronic Treatment of Established and de Novo Prion-
Infected Cells with Compound 5. We next chronically
treated both RML- and 22L-infected ScGT1 and ScN2a cell
lines with compound 5 for several passages, every 5 days of
culture. PrPSc levels began to decrease since the first passage, in
the presence of compound 5, and its clearance gradually
increased during the subsequent passages, in ScGT1 RML
(Figure 6A), ScN2a RML (Figure 6B), ScGT1 22L (Figure
6C), and ScN2a 22L (Figure 6D).
Moreover, de novo infection of GT1 cells with the RML

strain was performed in the presence of 5 for four passages.
While the appearance of prions in control de novo-infected
GT1 cells was stable across all passages, the cells simulta-

Figure 4. Anti-prion effect of compound 5 in ScGT1 22L, ScN2a RML, and ScN2a 22L cell lines. (A−C) Representative Western blot images of
PrPSc, total PrP, and β-actin in lysates from ScGT1 22L (A), ScN2a RML (B), and ScN2a 22L (C) treated with vehicle (CTRL) or compound 5 at
20 μM. Molecular weight markers are shown on the right (kDa). (D−F) Densitometric analysis of normalized PrPSc levels in ScGT1 22L (D),
ScN2a RML (E), and ScN2a 22L (F) treated with the vehicle or the drug. Experiments have been performed in six times (n = 6). Statistical
significance was assessed by Wilcoxon matched pairs signed rank test, *p < 0.05.
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neously treated with 5 showed a delay in the appearance of
prion accumulation (Figure S10).
Anti-Prion Activity of Compound 5 Does Not Affect

PrP Metabolism, Localization, or Aggregation Propen-
sity. To rule out a PrPC-directed anti-prion activity for
compound 5, we evaluated PrPC levels in compound 5-treated
cells. Relative to control cells, no difference in the protein
levels was observed in either GT1 (Figure S11A,B) or N2a
cells (Figure S11D,E). Furthermore, no changes in cell viability
were observed upon compound 5 treatment, neither in GT1
(Figure S11C) nor in N2a cells (Figure S11F). To exclude any

influence of compound 5 on PrP aggregation propensity, that
would be responsible for the decreased prion load in treated
cells, RT-QuIC assay was performed. This technique employs
cycles of shaking and incubation, recombinant PrP as the
substrate for PrPSc amplification, and a thioflavin T (ThT)-
based detection method.27 Results indicated no delay in the lag
phase of the PrP aggregation process when compound 5 was
added to the reaction with the PrPSc seeds and recombinant
PrP. We concluded that PrPSc-induced misfolding and
conversion of PrPC into an aggregated amyloid is not
hampered by compound 5 (Figure S11G). Additionally, to

Figure 5. Dose−response curve of compound 5 on RML- and 22L-infected GT1 and N2a cell lines. Densitometric analysis of PrPSc level clearance
after 3 days treatment with compound 5 in ScGT1 RML (A, EC50 = 8.64), ScGT1 22L (B, EC50 = 19.3), ScN2a RML (C, EC50 = 11.2), and ScN2a
22L (D, EC50 = 6.27) (for all titrations, n = 3).

Figure 6. Chronic treatment of prion-infected GT1 and N2a cell line with compound 5. Western blot analysis of PrPSc in lysates from ScGT1 RML
(A), ScN2a RML (B), ScGT1 22L (C), and ScN2a 22L (D) treated with vehicle or compound 5 at 20 μM for four passages (up to 1 month). β-
actin was used as a loading control. Molecular weight markers are shown on the right of each Western blot (kDa).
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test the effect of 5 on PrPC localization, we performed
immunofluorescence analysis on compound 5-treated N2a
cells. No PrPC shift toward other cellular compartments was
observed in treated cells compared to the control (Figure S12).
Compound 5 and Quinacrine Synergistic Anti-Prion

Effect. To assess the anti-prion potential of a combination
treatment, we carried out a drug interaction study on ScN2a
RML cells. Cells were acutely treated with a combination of
compound 5 and another well-known anti-prion drug−
quinacrine.28 Combination treatment resulted in a striking
reduction of RML accumulation in the infected N2a cell line.
Thus, compound 5 and quinacrine act synergically to clear
prions, as revealed in the isobologram analysis (Figure 7).
Compound 5 Pharmacokinetic Profile. Animals that

were treated by compound 5 via both intravenous (I.V.) and
oral (P.O.) administration displayed normal behavior without
side effects for the entire period of experiments. Administration
of compound 5 showed fast and moderate absorption (Cmax =
206 ng/mL P.O. and Cmax = 549 ng/mL I.V. at 5 min) and
high clearance in plasma (791 mL/min/kg). The exposure
(AUC) over the time interval of 0−4 h was 12,192 min × ng/
mL, resulting in oral bioavailability of around 26%, calculated
over the same time interval (Figure 8 and Table 1). Only
negligible amount (very low levels) of compound 5 was

measured in the brain after I.V. and P.O. administration, very
close to the limit of quantification (5 nM).

■ DISCUSSION AND CONCLUSIONS
Despite many efforts that were made to find a therapy for fatal
neurodegenerative disorders, such as prion diseases, no cure is
currently available. So far, all pharmacological and genetic

Figure 7. Compound 5 and quinacrine treatment of ScN2a RML cells. (A,B) Representative Western blot images of PrPSc, total PrP, and β-actin in
lysates from ScN2a RML cells treated with (A) vehicles, quinacrine (1 μM), or compound 5 (10 μM) and (B) vehicles or a dose gradient of
compound 5 and quinacrine (2−10 μM and 0.2−1 μM, respectively). (C) Pairwise dose−response data (left) and isobologram synergy plot (right)
were presented for the combination treatment. Dose−response data are derived from a nonlinear regression of 3 experimental replicates, plotted
with mean ± SD. The diagonal line of the isobologram represents the additive line. EC50,add dot corresponds to the calculated, theoretical paired
value, when assuming an additive interaction between the two drugs. EC50,mix represents the paired value of drug concentrations assessed or
synergism. The interaction index (γ) was calculated, and it corresponds to a value of 0.19.

Figure 8. Pharmacokinetic profile of compound 5 in vivo. The
pharmacokinetic profiles of compound 5 in plasma following
intravenous (I.V.) and oral (P.O.) administration to male C57BL/6
mice (n = 3 per time point).
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approaches developed in the field directly target either PrPC or
PrPSc.6 Unfortunately, none of them produced effective
therapeutic results. Omics approaches are shedding light on
several biological processes underlying the pathogenesis of
prion diseases, therefore uncovering potential targets for the
therapeutic strategies.29 Gene expression analysis of intra-
cranially BSE-challenged cynomolgus macaques revealed a
significant upregulation of the SERPINA3 transcript in infected
animals.11 The mRNA up-regulation was previously observed
in the central nervous system of sporadic Creutzfeldt-Jacob
disease patients, while cerebrospinal fluid and urine samples
revealed high levels of the SERPINA3 protein.30 Moreover,
increased mRNA levels of its murine orthologue (SerpinA3n)
have been found in different mouse models of prion
disease,31−34 as its expression progressively increased during
the course of the disease.12,35

Thus, we proposed a novel non-PrP targeted therapeutic
strategy aimed to treat prion diseases by inhibiting
SERPINA3/SerpinA3n. Since the evaluation of anti-prion
compounds efficacy is prevalently performed in cell-based in
vitro screenings,36 we took advantage of two immortalized cell-
based models of prion infection. First, SerpinA3n expression
levels were assessed in chronically infected N2a and GT1
mouse cell lines, observing a marked upregulation of both
SerpinA3n transcript and protein. Then, small molecules
derived from two libraries in silico designed to bind SERPINA3
were tested for their ability to reduce prion amounts in the
RML-infected GT1 cells. Among all tested small molecules, a
marked prion reduction was observed for compound 5. To
show that the pronounced prion clearance was not due to the
binding to PrP, we performed an RT-QuIC assay showing that
compound 5 is not able to halt PrPC to PrPSc conversion and
further aggregation. Furthermore, we showed the ability of
compound 5 to inhibit the complex formation between
SerpinA3n and chymotrypsin, one of its known target
proteases. Although more work is needed to corroborate
these early findings, the determination of dissociation constant
in the micromolar range confirms the direct binding of 5 to
SerpinA3n and the proposed mechanism of anti-prion action.
The marked reduction of PrPSc in compound 5-treated cells
infected with two different mouse-adapted scrapie strains
suggests a prion-strain independent efficacy of our lead
compound. Our results show the benefit of a non-PrP-directed
therapeutic strategy that can help pave the way for the
development of new anti-prion therapeutics, circumventing the
phenomenon of prion strain resistance. We have also shown a
delayed prion accumulation in de novo RML infected GT1
cells, treated with compound 5, compared to the untreated de

novo infected cells. Based on these data, we suggest that
compound 5 is able both to clear prions from established
chronically infected cell lines and to slow down the prion
accumulation process. In this scenario, with the improvement
of more sensitive diagnostic tools for prion diseases,37,38

compound 5 could be used at the early stage of the disease to
delay symptoms appearance and increase patients’ life
expectancy.
However, despite the encouraging and promising in vitro

results, the pharmacokinetic profile of compound 5 revealed
low brain concentrations and high plasma clearance. Further
medicinal chemistry modifications on the compound 5 scaffold
could increase its brain concentration and stability and,
possibly, its anti-prion efficacy. Enhanced bioavailability of
compound 5 analogues could allow their use in a dual
synergistic strategy with other promising PrP-targeted anti-
prion therapeutics.39

According to the most intriguing hypothesis, serine protease
inhibitors, such as SERPINA3/SerpinA3n, could bind and
block the activity of protease(s) involved among other
processes in the clearance of prion protein aggregates.
Therefore, small molecules, such as compound 5, able to
inhibit serpins activity would set the protease(s) free to further
reduce prion accumulation.
It is noteworthy that SERPINA3 overexpression appears to

be correlated also with Alzheimer’s disease,12,13,40−43 multiple
system atrophy,44 and amyotrophic lateral sclerosis pathol-
ogy;45 therefore, our therapeutic strategy could be potentially
applied to treat other prion-like neurodegenerative disorders.

■ EXPERIMENTAL SECTION
SBVS and Similarity Search. The X-ray structure of SERPINA3

(PDB: 1AS4)46 was used as a receptor for our SBVS campaign. The
protein was prepared using the protein preparation wizard protocol
implemented in Maestro.47 Hydrogens were added, and charges and
protonation states were assigned titrating the protein at pH 7. Short
minimization steps were performed to relieve the steric clashes. The
grid, used for subsequent docking calculations, was centered on a
pocket at the interface of β-sheets B and C and α-helix H. Such a
pocket, called the sB/sC pocket, has been identified for plasminogen
activator inhibitor 1 (PDB: 4G8O), and it seemed to be conserved
also for other serpins.16 An in-house collection of ∼15,000
nonredundant and diverse drug-like molecules was employed as a
virtual library. The ligands were prepared using the LigPrep tool,
implemented in Maestro. Hydrogens were added, and ionization
states were generated at pH 7.4 ± 0.5. The library was filtered to
retain only the molecules that obey Lipinsky’s rules and that do not
bear re-active functional groups.48 The SBVS was performed through
Glide software,49 using Single Precision and retaining one pose for
each ligand. After a visual inspection of the best-scored poses, a first
set of compounds (i.e., A−U) was selected for biological assay.
Finally, based on the common structural features of the most active
compounds (i.e., G and H), a similarity search was performed on the
virtual library using Canvas.50 A second set of compounds (i.e., 1−8),
bearing the 5-aminopyrazole scaffold, was selected for biological
assays. The Schrödinger suite version 2015-4 was used for our
calculations.

Compound Purity Assessment. All the tested compounds were
>95% pure. Compound 5 displayed ≥99% purity as determined by
UPLC/MS analysis (Supporting Information Purity of compound 5).
10 mM stock solution of Compound 5 was prepared in DMSO-d6 and
further diluted 20-fold with CH3CN−H2O (1:1) for analysis. The QC
analyses were performed on a Waters ACQUITY UPLC/MS system
consisting of a SQD (Single Quadrupole Detector) Mass
Spectrometer equipped with an electrospray ionization interface and
a photodiode array detector. Electrospray ionization in positive and

Table 1. Pharmacokinetic Parameters of Compound 5
Following Intravenous (I.V.) and Oral (P.O.)
Administration to Male C57BL/6 Micea

pharmacokinetic parameters

parameter I.V. P.O.
dose (mg/Kg) 3 10
Cmax [ng/mL (μM)] (obs) 549 (1.55) 206 (0.58)
Tmax (min) (obs) 5 5
AUC [min × ng/mL (μM × h)] (calc) 14,192 (0.67) 12,192 (0.57)
t1/2 (min) (elimination phase) (calc) 98 65
VD (mL/Kg) (calc) 29,000 74,291
CL (mL/min/Kg) (calc) 205 791
aThe AUC was calculated based on the time interval t = 0−240 min.
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negative modes was applied in the mass scan range 100−500 Da. The
PDA range was 210−400 nm. The analyses were run on an
ACQUITY UPLC BEH C18 column (100 × 2.1 mm ID, particle
size 1.7 μm) with a VanGuard BEH C18 pre-column (5 × 2.1 mm ID,
particle size 1.7 μm). The mobile phase was 10 mM NH4OAc in H2O
at pH 5 adjusted with AcOH (A) and 10 mM NH4OAc in CH3CN−
H2O (95:5) at pH 5 (B) with 0.5 mL/min as flow rate. A linear
gradient was applied: 0−0.2 min: 10% B, 0.2−6.2 min: 10−90% B,
6.2−6.3 min: 90−100%, 6.3−7.0 min: 100% B.
Cell Culture. Mouse neuroblastoma cell lines, either non-infected

(N2a) or chronically infected with the Rocky Mountain Laboratory
(RML) or 22L prion strain (ScN2a RML and ScN2a 22L,
respectively), were grown in minimal essential medium −1% L-
glutamax complemented with 10% fetal bovine serum (FBS), 1% non-
essential amino acids, and 1% penicillin−streptomycin. Immortalized
mouse hypothalamic neurons (GT1) and chronically infected GT1
cells with both RML and 22L prion strains (ScGT1 RML and ScGT1
22L, respectively) were grown in Dulbecco’s modified Eagle’s
medium1% Gluta-MAX supplemented with 10% FBS and 1%
penicillin−streptomycin. All cell lines were cultivated in 10 cm2 Petri
dishes at 37 °C under 5% CO2.
Cell Treatment. Compounds from library A-U were dissolved in

100% ethanol (EtOH) and compounds from library 1−8 in dimethyl
sulfoxide (DMSO) in a 200 mM stock solution. Intermediate
dilutions were prepared from stock solutions. For the cell treatment,
intermediate solutions were further diluted in phosphate buffer
solution (PBS) 1X to a final concentration of 10 mM. Each
compound was then diluted in cell culture medium to reach a final
concentration of 20 or 40 μM. For the acute treatment, cells were
treated with only one dose (20 or 40 μM) and then left to incubate
for 4 days, whereas for the chronic treatment, they were treated with a
single dose (20 μM) every week for 1 month. Mock controls were
treated with vehicle only, under the same conditions.
Assessment of Cell Viability with MTT Assay. Both un-

infected and chronically infected N2a and GT1 cells, infected with
RML or 22L prion strain, were maintained in culture and grown to
80% confluency. The medium was changed, and the cells were
detached. Cell density was determined by cell counting using
ScepterTM 2.0 Cell Counter (Millipore) and adjusted to 1 × 104

cell/mL with MEM (N2a, ScN2a RML, and ScN2a 22L) or 2 × 104
with DMEM (GT1, ScGT1 RML, and ScGT1 22L). Cell suspension
was added to each well of a 96-well, tissue culture-treated, clear
bottom plate (Costar), and cells were allowed to settle for 1 day at 37
°C under 5% CO2 before the treatment with compounds. Each
compound was diluted in the cell medium to the desired final
concentration. After 24 h, the cell culture medium was removed and
replaced by compound-containing medium. The plate was incubated
at 37 °C under 5% CO2 for 6 days. The Thiazolyl Blue Tetrazolium
Bromide (MTT, Sigma-Aldrich) was diluted in PBS 1X to a working
dilution of 5 mg/mL. Cells were incubated with 20 μL of MTT
solution for 3 h at 37 °C. After incubation, 100 μL of 1:1 DMSO/2-
propanol solution was added to each well and the plate was kept at
room temperature for 5 min before reading. The emission intensity
was quantified using the EnSpire Multimode Plate Reader
(PerkinElmer).
RNA Extraction and Reverse Transcription-Quantitative

Polymerase Chain Reaction (RT-qPCR). After removing the
medium, un-infected and chronically prion-infected N2a and GT1
cell lines were washed in PBS 1X and pelleted at 190g for 5 min. Cell
pellets were resuspended in 1ml TRIzol reagent (Ambion, Life
Technologies) following the manufacturer’s instructions and stored at
−80 °C until further processing. Total RNA was extracted with
PureLink RNA Mini Kit (Life Technologies), and on-column DNA
digestion was performed using PureLink DNase Set (Life
Technologies). RNA was checked for concentration and purity on a
NanoDrop 2000 spectrophotometer (Thermo Scientific). cDNA was
obtained starting from 3 μg of total RNA with 50 μM Oligo(dT)20,
10 mM dNTP mix, 5X First-Strand Buffer, 0.1 M DTT, 40 U RNAse
inhibitor, and 200 U SuperScript III Reverse Transcriptase (Life
Technologies). A negative control was performed for each sample,

omitting the reverse transcriptase. Gene expression assays were
performed using qPCR primer sequences (SerpinA3n, Gapdh, Tubb3
and Actb) and the protocols reported in Vanni et al. 2017.12 RT-
qPCR analysis was performed using five samples for each condition of
un-infected and prion-infected N2a and GT1 cells. The relative
expression ratio (fold change, FC) was calculated using the 2−ΔΔCT

method.51 Briefly, ΔCT was calculated subtracting the CT of the
reference genes from the CT of SerpinA3n, both for “test” (either RML
or 22L prion-infected cell) and “calibrator” (un-infected cells). Then,
ΔΔCT was obtained subtracting the mean ΔCT of the population of
calibrator samples (five samples for both uninfected N2a and GT1
cells) was subtracted from the ΔCT of each sample. Fold change
values smaller than 1 were converted using the equation −1/FC, for
representation.

Collection of Conditioned Media, Cell Lysis, and Proteinase
K (PK) Digestion. For extracellular SerpinA3n detection conditioned
media (CM) of un-infected and prion-infected N2a and GT1 cell
lines were collected, cleared, and concentrated following the protocol
reported by Gueugneau et al. in 2018.24 Briefly, after 24 h incubation
in serum-free medium, the CM was centrifuged for 10 min at 300g,
and for another 20 min at 2000g, to discard cell debris. CM was
subsequently concentrated using the Amicon Ultra-4 30kDa cut-off
spin Column (Millipore, Watford, UK). For intracellular SerpinA3n
and PrP detection, after removing the medium, cells were washed
with PBS 1X and lysed on ice in lysis buffer (10 mM Tris−HCl pH
8.0, 150 mM NaCl, 0.5% Nonidet P-40, 0.5% deoxycholic acid
sodium salt). Nuclei and large debris were removed by centrifugation
at 2000 rpm for 10 min at 4 °C in a bench microfuge (Eppendorf).
The protein concentration of cleared cell lysate and conditioned
media was determined using the bicinchoninic acid protein
quantification kit (Thermo Fisher Scientific). For intracellular and
extracellular SerpinA3n detection, 100 μg of cell lysate and 50 μg of
conditioned medium, respectively, were added into a 5X SDS-PAGE
loading buffer in a 1:4 ratio. For PrP detection, cell lysates were split
into two parts. One part (250 μg) was treated with 5 μg of PK (Roche
Diagnostics Corp.) at 37 °C for 1 h. The reaction was arrested with 2
mM of phenylmethylsulphonyl fluoride (PMSF, Sigma-Aldrich). The
PK-digested samples were precipitated by centrifugation at 186,000g
for 75 min at 4 °C in an ultracentrifuge (Beckman Coulter) and the
pellet was resuspended in 1X SDS- PAGE loading buffer. The non-
PK-digested samples (25 μg) were added into a 2X SDS-PAGE
loading buffer in a 1:1 ratio. All samples were boiled for 10 min at 100
°C. All samples were stored at −20 °C until further processing or
analysis.

Western Blotting. Samples were loaded onto a 10% (for
SerpinA3n detection) or 12% (for PrP detection) Acrylamide/Bis-
acrylamide (Sigma-Aldrich) gels, separated by SDS-PAGE, and
transferred to the PVDF membrane. The membranes were blocked
with 5% non-fat milk in TBST (Tris 200 mM, NaCl 1.5 mM, 1%
Tween-20, Sigma-Aldrich). For extracellular SerpinA3n, Ponceau S
staining of the membrane, before milk blocking, was performed to
verify the accuracy of sample loading. For SerpinA3n detection,
membranes were incubated with the polyclonal mouse SerpinA3n
antibody (1:500 R&D Systems) followed by the rabbit anti-goat HRP
secondary anti-body (1:1000). For PrP detection, anti-PrP Fab W226
(kindly provided by Prof. Krammerer) antibody was used, followed by
the goat anti-mouse HRP secondary antibody (1:1000). Monoclonal
anti-β-actin-peroxidase antibody (1:10,000 Sigma-Aldrich) was used
to normalize intracellular SerpinA3n and total PrP signals, from the
non-PK- digested samples. The membranes were visualized by
chemiluminescence using Amersham ECL Prime (GE Healthcare).
Densitometric analysis was carried out using UVIBand software.

Production and Purification of Recombinant SerpinA3n.
SerpinA3n recombinant protein was produced as already described
with some modifications.52 A pET(11a) expression vector containing
the C-terminally (6×) His-tagged murine SerpinA3n (Genetech) was
used to transform Escherichia coli BL21 (DE3) pLysS cells. Cells were
grown in Luria−Bertani medium at 25 °C in the presence of
ampicillin (100 μg/mL) until OD600 = 1; when protein production
was induced with 0.1 mM isopropyl 1-thio-D-galactopyranoside, the

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.2c00205
J. Med. Chem. 2022, 65, 8998−9010

9005

pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.2c00205?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


growth temperature was lowered to 15 °C. After 21 h of induction,
bacteria were pelleted through centrifugation (9000g for 10 min at 4
°C) and the supernatant was discarded. The pellet was washed in
0.9% physiological solution and collected after centrifugation (9000g
for 10 min at 4 °C). Around 12 g of the pellet was then kept at −80
°C until purification was carried out. The frozen pellet was
resuspended in 25 mL (per cell paste) of buffer A (50 mM Tris−
HCl, pH 8.0, 300 mM NaCl, 20 mM Imidazole), to which one tab of
cOmplete Protease Inhibitor Cocktail (Roche), 250 μL of 0.2 M
PMSF, and 125 μL of 25 μg/mL DNase were added (homogenization
buffer). Bacterial cell lysis was performed by sonication using 5 cycles
of 60 s on and 60 s of rest in ice. Cell debris was discarded after 1 h of
centrifugation (12,000g at 4 °C), and the supernatant was
resuspended in 25 mL of homogenization buffer. Crude extract was
loaded onto the HisTrap Fast Flow Crude column (GE Healthcare).
The purification was performed with ÄKTA pure chromatography
keeping the system at 4 °C. After a washing step in 50 mM Tris−HCl,
pH 8.0, 300 mM NaCl, 20 mM imidazole, and 1 mM PMSF to elute
all proteins that do not bind to the column, the protein of interest was
eluted by applying a linear imidazole gradient from 20 up to 500 mM
imidazole. Protein expression and purity of eluted fractions were
checked with SDS-PAGE followed by Coomassie brilliant blue
staining. The fractions containing the higher amount of purified
SerpinA3n were pooled together, dialyzed in 10 mM Tris−HCl, 50
mM KCl pH 8.0, and concentrated using Amicon Ultra-15
Centrifugal Filters 30 kDa cutoff (Merk Millipore).
Dose−Response Curves for EC50 Calculations. For EC50

(concentration responsible for 50% of prion accumulation decrease)
assessment, both N2a and GT1 prion-infected (with RML and 22L
strains) cell lines were treated for 3 days with compound 5 in a
concentration range from 1 to 50 μM. Dose−response curves and
relative EC50 were generated as log concentration of compound 5
versus percentage of PrPSc amount in treated cells (from Western Blot
analysis) using GraphPad Prism 7.0 software (n = 3).
Dose−Survival Curves for LD50 Calculations. For LD50

(concentration leading to 50% of cell viability) both N2a and GT1
prion-infected (with RML and 22L strains) cell lines were treated for
6 days with compound 5 in a concentration range from 10 to 100 μM.
Dose−survival curves and relative LD50 were generated as log
concentration of compound 5 versus percentage of cell viability (from
MTT assay) using GraphPad Prism 7.0 software (n = 3).
Complex Formation Assay. 8 μM recombinant SerpinA3n was

incubated with 2 μM bovine α-chymotrypsin (Merk) and with
increasing concentrations of Compound 5 (from 10 nM to 1 mM) or
vehicle (DMSO) for 30 min at 37 °C with shaking in the assay buffer
(10 mM Tris−HCl, 50 mM KCl, pH 8.0).53 Samples were separated
by Acrylamide/Bis-acrylamide (Sigma-Aldrich) 10% SDS-PAGE and
stained with Coomassie brilliant blue.
Isothermal Titration Calorimetry. ITC experiments were

performed using a Malvern PEAQ-ITC microcalorimeter, at 25 °C,
with a 270 μL sample cell and a computer-controlled microsyringe for
titrant injections. SerpinA3n (16 μM) and 5 (160 μM) samples were
in 25 mM Tris, 50 mM KCl, 0.3% DMF, pH 8.0. After baseline
stabilization, a further delay of 60 s was used before the first injection.
In each individual titration, starting 5 injections of 0.4 μL in 0.8 s were
followed by other 12 injections of 3 μL with a duration of 6 s each. A
delay of 150 s was applied between each c5 injection. The Wiseman
plot of integrated data was automatically obtained by software
analysis, and then it was fitted by a theoretical binding curve using the
one-site model.
De Novo Prion Infection of GT1 Cell Lines. ScGT1 RML cells

were grown to confluence and then sonicated. The resulted lysates
(coming from three 100% confluent 10 cm2 Petri dishes) were added
to the medium of GT1 cells, at 10−20% of confluence. The medium
was refreshed 3 days after infection and, from the 7th day, cells were
split four times, and at each passage, cells were lysed to be tested for
PrPSc presence.
Real-Time Quaking-Induced Conversion (RT-QuIC) Assay.

Recombinant full-length mouse PrP (MoPrP) (23−231) production
and purification were performed as previously described.21 After

purification, aliquots of MoPrP were stored at −80 °C in 10 mM
phosphate buffer (pH 5.8). Before each test, the protein solution was
allowed to thaw at room temperature and filtered using Millex-GV
filter 0.22 μm (Millipore). The final reaction volume was 100 μL
loaded into the plate (ViewPlate-96 F TC/50 × 1B, Perkin Elmer),
and the reagents (Sigma-Aldrich) were concentrated as follows: 150
mM NaCl, 0.002% SDS, 1X PBS, 1 mM EDTA, 10 μM ThT and 0.2
mg FLMoPrP mL−1. The seed consisted of sonicated and
phosphotungstic acid-precipitated ScN2a-RML cell lysates. Before
the sonication, the cells were collected in 100 μl of PBS 1X; after the
sonication, the sample was quantified using the BCA assay, to use it as
a seed (1 μg of the protein). After the addition of 10 μL of the seed,
the plate was sealed with a sealing film (PerkinElmer) and inserted
into a FLUOstar OPTIMA microplate reader (BMG Labtech). The
plate was shaken for 1 min at 600 rpm (double orbital) and incubated
for 1 min at 45 °C. Fluorescence readings (480 nm) were taken every
30 min (30 ashes per well at 450 nm). Given the rapid response, a
specific threshold was set to decrease the likelihood of false positives.
A sample was considered positive if the mean of the highest two
fluorescence values (AU) of the replicates was higher than 10,000 AU
and at least two out of three replicates crossed the threshold that was
set at 30 h. This reaction cutoff was established because in all the
experiments there were wells only with full-length MoPrP (23−231),
and in these cases, no positive RT-QuIC reactions were observed until
after 30 h.

Immunofluorescence of Fixed Cells. N2a cells were seeded to
semi-confluence in each well of a 24-well plate containing the
coverslips and an appropriate culture medium for 24 h. After 1 day of
incubation, only for surface staining of the PrPC, cells were put on ice
for 15 min and stained with the primary antibody (W226 1:500) in
culture medium for 20 min. The medium was removed, and the cells
were washed twice with PBS 1X. The cells were then fixed using 4% of
paraformaldehyde (PFA) for 20 min. PFA was removed, and the cells
were washed 3 times with PBS 1X. Blocking buffer, consisting of 1%
bovine serum albumin (BSA) in PBS 1X, was added to the cells for 1
h at room temperature. After the blocking, the cells were incubated
with a secondary antibody (Goat anti-mouse-AlexaFluor488, Life
Technologies) diluted 1:200 in the incubation buffer (1% BSA in PBS
1X) for 1 h at room temperature in the dark. For Total PrP staining,
after 24 h from seeding, the cells were fixed in 4% of PFA for 20 min.
PFA was removed, and the cells were washed three times with PBS
1X. Cells were then permeabilized with 0.02% of TritonX-100 in PBS
1X for 5 min and washed again three times with PBS 1X. Cells were
then blocked in 1% BSA for 1 h at room temperature and incubated
with primary antibody (W226 1:500) in incubation buffer (1% BSA in
PBS 1X) for 1 h at room temperature. Cells were washed three times
within 1% BSA and then incubated with the secondary antibody
(Goat anti-mouse-AlexaFluor488, Life Technologies) diluted 1:200 in
the incubation buffer (1% BSA in PBS 1X) for 1 h at room
temperature in the dark. For both stainings, cells were washed three
times in PBS 1X and then the coverslips were mounted with a drop of
Fluoromount-G (Invitrogen). The coverslips were sealed with nail
polish to prevent drying and movement under the microscope. Images
were acquired with a C1 confocal microscope (Nikon). An FITC filter
was used for the detection of PrP-specific staining.

Isobologram Analysis. ScN2a RML cells were treated with
compound 5 and quinacrine, in a concentration range from 10−2 μM
and 1−0.2 μM, respectively. Dose−response curves and isobologram
plots were generated in GraphPad Prism 7.0 software. The theoretical
EC50,add value (assuming an additive interaction between compound 5
and quinacrine) was calculated using eqs 1 and 2, as follows

R EC /ECB 50,A 50,B= (1)

P R PEC EC /( )50,add 50,A A B B= + × (2)

where RB represents the potency ratio of drugs A and B, EC50,A and
EC50,B represent the half maximal effective concentrations of drugs A
and B (respectively) when used alone in a treatment. PA and PB are
the proportions of drugs A and B used in a combination treatment.
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The dose gradient of compound 5 and quinacrine was set and the
measured EC50, mix value (the dose of each compound that achieves
50% efficacy, when used in a combination) was determined from the
dose−response data. To evaluate drug interaction, the interaction
index (γ) was calculated using the eq 3, as follows

di/Di
i 2

∑γ =
= (3)

where “di” represents the dose required by each single drug, used in a
combination treatment, to achieve EC50 and “Di” represents the dose
required by each drug to achieve EC50, when used alone.54

Animal Models. Male C57BL/6 mice, weighing 22−24 g, were
used (Charles River). All procedures were performed following the
Ethical Guidelines of the European Communities Council (Directive
2010/63/EU of 22 September 2010) and accepted by the Italian
Ministry of Health. All efforts were made to minimize animal suffering
and to use the minimal number of animals required to produce
reliable results, according to the “3Rs concept”. Animals were group-
housed in ventilated cages and had free access to food and water.
They were maintained under a 12 h light/dark cycle (lights on at 8:00
am) at controlled temperature (21 ± 1 °C) and relative humidity (55
± 10%).
Pharmacokinetic in vivo Studies. Compound 5 was adminis-

tered orally (P.O.) and intravenously (I.V.) to C57BL/6 male mice at
10 and 3 mg/kg. Vehicle was: PEG400/Tween 80/Saline solution at
10/10/80% in volume respectively. Three animals per time point
were treated. Blood samples and brains at 0, 5, 15, 30, 60, 120, and
240 min after administration were collected for both P.O. and I.V.
arms. Plasma was separated from blood by centrifugation for 15 min
at 1,500 rpm at 4 °C, collected in an Eppendorf tube, and frozen (−80
°C). Brain samples were homogenized in PBS 1X and were then split
in two aliquots kept at −80 °C until analysis. An aliquot was used for
compound brain level evaluations, following the same procedure
described below for plasma samples. The second aliquot was kept for
protein content evaluation by BCA. Control animals treated with
vehicle only were also included in the experimental protocol.
Pharmacokinetic Measurements. Plasma samples were centri-

fuged at 21.100g for 15 min at 4 °C, while homogenized brain samples
were vigorously whirled. An aliquot of each sample was extracted
(1:3) with cold CH3CN containing 200 nM of an appropriate internal
standard. A calibration curve was prepared in both naiv̈e mouse
plasma and naiv̈e mouse brain homogenate over a 1 nM to 10 μM
range. Three quality control samples were prepared by spiking the
parent compound in both naiv̈e mouse plasma and naiv̈e brain
homogenate to 20, 200, and 2000 nM as final concentrations. The
calibrators and quality control samples were extracted (1:3) with the
same extraction solution as the plasma and brain samples. The plasma
and brain samples, calibrators, and quality control samples were
centrifuged at 3.270g for 15 min at 4 °C. The supernatants were
further diluted (1:1) with H2O and analyzed by LC−MS/MS on a
Waters ACQUITY UPLC/MS TQD system consisting of a Triple
Quadrupole Detector Mass Spectrometer equipped with an Electro-
spray Ionization interface and a Photodiode Array eλ Detector from
Waters Inc. (Milford, MA, USA). Electrospray ionization was applied
in positive mode. Compound-dependent parameters such as MRM
transitions and collision energy were developed for the parent
compound and the internal standard. The analyses were run on an
ACQUITY UPLC BEH C18 (50 × 1 mm ID, particle size 1.7 μm)
with a KrudKatcher ULTRA HPLC In-Line Filter (0.5 μm × 0.004 in.
ID) at 40 °C, using H2O + 0.1% HCOOH (A) and CH3CN + 0.1%
HCOOH (B) as mobile phase at 0.1 mL/min. A linear gradient was
applied starting at 10% B with an initial hold for 0.5 min, then 10−
100% B in 3 min, followed by a hold for 0.5 min at 100% B. All
samples (plasma and brain samples, calibrators, and quality controls)
were quantified by MRM peak area response factor to determine the
levels of the parent compound in plasma and brain. The plasma
concentrations versus time were plotted, and the profiles were fitted
using PK Solutions Excel Application (Summit Research Service,
USA) to determine the pharmacokinetic parameters.

Statistical Analysis. Statistical analysis was performed using
GraphPad Prism 7.0 software. The normal distribution of data was
assessed by the D’Agostino−Pearson normality test. For RT-qPCR
analysis, differences between the ΔCTs of prion-infected and
uninfected cells were assessed with the Kruskal−Wallis test for not
normally distributed data. The level of significance was calculated
using Dunn’s multiple comparisons test between ΔCTs of prion-
infected and uninfected cells. β-actin normalized Western blot signal
values obtained from control and treated cells were normalized to the
mean of the control samples for each experiment (in technical triples).
Groups were compared by using the non-parametric Friedman test
and Wilcoxon’s matched pairs ranked test or Kruskal−Wallis and
Dunn’s multiple comparisons test. P-values ≤ 0.05 were considered
statistically significant.
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