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Abstract

Mouse neuronal CAD 5 cell line effectively propagates various strains of

prions. Previously, we have shown that it can also be differentiated into the

cells morphologically resembling neurons. Here, we demonstrate that CAD

5 cells chronically infected with prions undergo differentiation under the same

conditions. To make our model more realistic, we triggered the differentiation

in the 3D culture created by gentle rocking of CAD 5 cell suspension. Spher-

oids formed within 1 week and were fully developed in less than 3 weeks of

culture. The mature spheroids had a median size of �300 μm and could be cul-

tured for up to 12 weeks. Increased expression of differentiation markers GAP

43, tyrosine hydroxylase, β-III-tubulin and SNAP 25 supported the differenti-

ated status of the spheroid cells. The majority of them were found in the

G0/G1 phase of the cell cycle, which is typical for differentiated cells. More-

over, half of the PrPC on the cell membrane was N-terminally truncated, simi-

larly as in differentiated CAD 5 adherent cells. Finally, we demonstrated that

spheroids could be created from prion-infected CAD 5 cells. The presence of

prions was verified by immunohistochemistry, western blot and seed amplifi-

cation assay. We also confirmed that the spheroids can be infected with the

prions de novo. Our 3D culture model of differentiated CAD 5 cells is low cost,

easy to produce and cultivable for weeks. We foresee its possible use in the

testing of anti-prion compounds and future studies of prion formation

dynamics.
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1 | INTRODUCTION

Prion diseases are transmissible neurodegenerative dis-
orders affecting animals as well as humans with no
existing effective treatment (Colby & Prusiner, 2011).
The infection is caused by the spreading of a conforma-
tional change in the cellular prion protein (PrPC), thus
forming its pathological variant (PrPTSE). Whereas PrPC

is formed mostly by α-helices, PrPTSE contains mainly
β-sheets (Caughey et al., 2022). This causes PrPTSE to be
partially proteolytically resistant. During the disease,
PrPTSE is accumulated mainly within the brain of the
infected individual (Prusiner, 1998). The mechanism of
how PrPTSE causes the disease remains unspecified
(Hughes & Halliday, 2017), and we even do not under-
stand the physiologic function of PrPC, although many
ideas have been suggested and tested (Martellucci
et al., 2020; Watts et al., 2018). Prion diseases are stud-
ied in animal models (rodents, primates) as well as
in vitro (Brandner & Jaunmuktane, 2017). Both
approaches have their limitations. Cell cultures are
cheaper, but the cultivation of continually dividing cells
in monolayer on plastic surface does not represent the
reality seen in the organisms and is thus far less rele-
vant. The number of cell lines infectible with prions is
limited, and some prion strains are difficult to propa-
gate in vitro (Grassmann et al., 2013). Animal models
correctly recapitulate the disease pathogenesis but are
not considered to be ethical, the disease development
takes a long time and the cost is high. Recently, 3D cell
cultures have emerged as an interesting alternative.
Based on the origin of the cells forming 3D culture, so-
called spheres from primary stem cells and spheroids
from the cells of immortalized cell lines can be pro-
duced. Neurospheres formed by neural stem cells
derived from mouse embryo brain are capable of self-
renewal and differentiation into three basic lineages:
neurons, astrocytes and oligodendrocytes (Collins &
Haigh, 2017; Reynolds & Weiss, 1992). The neuro-
spheres have been used to examine the prion infection,
although the number of studies is limited. The neuro-
spheres kept in proliferative conditions were not able to
propagate prions, but the neurospheres stimulated to
form neurons and astrocytes could be infected (Herva
et al., 2010). The infection of differentiated mouse neu-
rospheres led to cytopathic changes and apoptosis (Giri
et al., 2006; Iwamaru et al., 2013). Brain aggregates
formed by the cells of dissociated mouse embryo brain
are another type of 3D cell culture. Infection of brain
aggregates with Rocky Mountain Laboratory (RML)
prions led to degeneration of neuronal dendrites (Ahn
et al., 2016). A complex 3D cultivation and

differentiation of human pluripotent stem cells lead to
the production of cerebral organoids with developed
domains resembling different brain regions (Lancaster
et al., 2013). Recently, human cerebral organoids have
been successfully infected with different types of human
prions and represent new exciting model for studies of
both, sporadic and genetic prion diseases (Walters &
Haigh, 2023). Here, we present an inexpensive and sim-
ple method of 3D cell culture utilizing a mouse CAD
5 cell line. CAD 5 cells are often used as a prion infec-
tion model because they are able to propagate a num-
ber of murine prion strains (Mahal et al., 2007). In
addition, CAD 5 cells are able to differentiate into cells
morphologically resembling neurons upon serum with-
drawal (Fremuntova et al., 2020). Spheroids can be
formed from CAD 5 cells chronically infected with
RML prions, or they can be infected with prions de
novo, making this model interesting for prion research.

2 | MATERIALS AND METHODS

2.1 | Cells

CAD 5 cells are of neuron origin, derived from catechol-
aminergic Cath.a cell line (Mahal et al., 2007; Qi
et al., 1997), and were provided by Charles Weissmann
(The Sripps Research Institute, Jupiter, FL, USA). The
cells were kept in Opti-MEM (Thermo Fisher Scientific)
with 10% BGS (HyClone Bovine Growth Serum, GE
Healthcare Life Sciences) and 100-U penicillin/
streptomycin ml�1 and passaged every 3–4 days. Before
passage, the cells were washed with .5-mM EDTA in
phosphate buffered saline (PBS) pH 7.4 to weaken the
attachment to the surface. For experiments with infec-
tious PrPTSE, we used CAD 5 cells chronically infected
with the RML prion strain (Janouskova et al., 2012). We
also used CAD 5 PrP�/� cells with no PrPC expression
prepared with CRISPR/Cas 9 technology (Fremuntova
et al., 2020).

2.2 | Induction of CAD 5 differentiation

Differentiation of CAD 5 cells was induced, as we have
shown earlier (Fremuntova et al., 2020). The cells were
stimulated to start differentiation by removing sera and
changing media. Approximately 106 cells per 25 cm2 flask
were resuspended in DMEM/F12 (Thermo Fisher Scien-
tific) with penicillin/streptomycin instead of Opti-MEM
with serum. Media was changed every 2–3 days, resulting
in differentiated cells within 5–7 days.
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2.3 | Formation of spheroids

In order to get 3D cell culture, the cells were prevented
from adhesion to the bottom of the tissue culture plastic
using flasks with a non-treated bottom designated for
suspension cultures (SPL Life Sciences, cat. n. 70325);
200,000 cells were seeded in Opti-MEM media with
serum in a 25 cm2 culture flask and have been under
constant rocking since then using the MR-1 Mini-Rocker
Shaker (Biosan, fixed tilt angle 7�, 25 oscillations per
minute). Half of the media was changed for DMEM/F12
without serum after 72 h. Since then, 2/3 of the media
was removed 2 times per week, and the same amount of
DMEM/F12 was added, thus diluting the concentration
of sera to a minimum to promote differentiation of the
cells. Spheroids were taken into the experiments 3 weeks
after seeding the cells if not stated otherwise.

2.4 | Infection of spheroids with prions

The RML prion strain was provided by Adriano Aguzzi
(Institute of Neuropathology, University of Zurich,
Switzerland) and further propagated in CD1 mice in the
author’s facility. Frozen brain samples collected from ter-
minally ill or control CD1 mice were homogenized in
PBS supplemented with 2-mM EDTA and 1-mM PMSF
using glass beads and Mini BeadBeater (Biospec). Result-
ing 10% (w/v) brain homogenates were aliquoted and
stored at �80�C. Prior to its usage, the brain homogenate
was passed through a 29-gauge needle, diluted to 1%
(w/v) with PBS and further mixed with the cell culture
media to prepare .1% (w/v) solution. The mixture was
then used to replace half of the media in flasks with
spheroids to make the final concentration of inoculum
.05% (w/v). Subsequently, the medium was changed after
3 days and then twice a week as described above. Unless
stated otherwise, 1-week-old spheroids were subjected to
the infection.

2.5 | Light microscopy of spheroids

The formation of spheroids derived from CAD 5 cells was
monitored by light microscopy. Spheroids were cultured
for 4 weeks as described above, and representative
images were taken regularly. The Olympus IX70 inverted
microscope, equipped with a ProgRes MFcool camera
(Jenoptik) and operated by NIS-Elements AR software
(Nikon Instruments), was used for this purpose; the total
magnification was set at 40 times. Images were processed
and supplemented with a scale bar using Fiji ImageJ
software.

2.6 | Analysis of spheroid size

Images of spheroids were taken on Days 3, 5, 7, 10, 14, 18,
21 and 28. Each day, two pictures of spheroid culture were
taken with 10–30 spheroids per image, depending on the
age of the culture. The diameter of the spheroid was mea-
sured manually in the middle of the spheroid, and all
spheroids were measured at the same angle (0�). Data
were analysed in Fiji ImageJ software.

2.7 | Fluorescence microscopy

Spheroids were washed twice in 1 ml of PBS. Next, 100 μl
of PBS containing 10-μM CellTrace Far Red dye
(Invitrogen, cat. N. C34564) was added to the spheroids.
Spheroids were incubated for 20 min in the dark and then
3 times washed with PBS. Samples were mounted in a
chamber created from glass slides and imaged with Leica
TCS-SP5 laser scanning confocal microscope or Olympus
IX83 wide-field microscope equipped with silicon oil
immersion objective (magnification 60 times). Data from
TCS-SP5 were processed using Fiji ImageJ software, and
data from IX38 were processed using cellSence Dimen-
sions software (Olympus) with 3D constraint iterative
deconvolution. Twenty spheroids have been analysed.

2.8 | Optical projection tomography
(OPT)

To prepare samples, we used the clear, unobstructed
brain imaging cocktails and computational analysis
(CUBIC) method to make tissue transparent. Spheroids
were fixed with 4% paraformaldehyde in PBS and washed
twice in PBS for 5 min. Spheroids were then cleared with
CUBIC-1 solution (Susaki et al., 2014) for 1, 3 or 8 days,
followed by a solution change just before taking pictures.
Images were taken using an 810-nm laser (Thorlabs,
M810L3) and processed for background and rotation cor-
rections in Fiji ImageJ software. For 3D reconstruction,
NRecon (Bruker) software was used with a filtered back-
projection algorithm. Seven spheroids have been
analysed.

2.9 | Protein extraction and
immunoblotting

Fresh cells or cell pellets kept at �80�C were lysed in
buffer containing .5% Triton X-100, .5% sodium deoxy-
cholate (w/v), 50-mM Tris-HCl pH 7.5 and 150-mM NaCl
in the presence of protease inhibitors cOmplete (Roche

FREMUNTOVA ET AL. 4439
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Diagnostics, Basel, Switzerland) for 30 min on ice. The
samples were mixed every 10 min. After that, samples
placed on the ice were sonicated twice for 10 s at 35%
intensity using Dynatech Sonic Dismembrator Model
300 (ARTEK) to support the cell disruption. To cleave the
DNA, benzonase (.1 U μl�1, Millipore) was added to sam-
ples. Next, the protein concentration was measured with
a Pierce BCA protein assay kit (Thermo Fisher Scientific).
To detect the infectious PrPTSE, the sample was treated
with 50 μg ml�1 proteinase K (PK) for 30 min at 37�C
while gently shaking (400 rpm). The protein cleavage
was stopped with a 2-mM PMSF inhibitor (10 min, RT).
PrPTSE is resistant to PK cleavage and shows typical
bands, whereas PrPC is cleaved completely. To enhance
the PrPTSE detection level, some samples were subjected
to precipitation of PrP by sodium phosphotungstate
(NaPTA) (Levine et al., 2015). After the lysis of cells in
PBS containing 2% sarkosyl (w/v) and benzonase
(.1 U μl�1) for 30 min at 37�C with gentle shaking, pro-
tein concentration was determined using BCA assay. PrP
in samples was then precipitated by incubation of the
lysate with .32% NaPTA supplemented with 2.72-mM
MgCl2 for 1 h at 37�C while gently shaking and subse-
quently centrifugated at 14,000 � RPM for 30 min at RT
(Jouan B4i, fixed rotor) to obtain a PrP-rich pellet. All
samples were prepared for electrophoresis by boiling for
5 min at 95�C in Laemmli buffer. Electrophoresis and
western blotting were performed as described previously
(Panigaj et al., 2011).

Following primary antibodies were used: anti-PrP
6D11 (mAb, IgG2a, cat. n. 808002, BioLegend, 2 μg ml�1,
recognizes epitope 93–109 in PrPC [Uchiyama
et al., 2017]), anti-PrP AH6 (mAb, IgG2a, TSE Resource
Centre, .5 μg ml�1 [Kostelanska & Holada, 2022]), anti-
PrP D18 (supernatant, clone D18, dilution 1:10 recog-
nizes the central part of PrPC; CHO cells producing D18
antibody donated by Dennis Burton, The Scripps
Research Institute, California, USA [Williamson
et al., 1998]), anti-β-III-tubulin (monoclonal, clone 2G10,
IgG2a, cat. n. T8578, Sigma-Aldrich, lot 011M4756,
.1 μg ml�1 [Oz et al., 2012]), anti-doublecortin (poly-
clonal, cat. n. D9693, Sigma-Aldrich, lot 087K4831,
.1 μg ml�1 [Gonz�alez-Gonz�alez et al., 2017]), anti-GAP
43 (monoclonal, clone 7B10, IgG2a, cat. n. G9264, Sigma-
Aldrich, lot 039K4851, 7 μg ml�1 [He et al., 2015]), anti-
GFAP (polyclonal, IgG, cat. n. GTX108711, Genetex, lot
39981, .4 μg ml�1 [Lee et al., 2019]), anti-tyrosine hydrox-
ylase (monoclonal, clone LNC1, IgG1κ, cat. n. MAB318,
Millipore, lot 3202369, dilution 1:1000 [Zhang
et al., 2016]), anti-SNAP 25 (polyclonal, IgG, cat.
n. S9684, Sigma-Aldrich, lot 127K4796, 1.25–2.5 μg ml�1

[Ye et al., 2017]). Following fluorescent secondary anti-
bodies were used: goat anti-mouse AzureSpectra

700 conjugate (cat. n. AC2129, Azure Biosystems,
.25 μg ml�1), goat anti-rabbit AzureSpectra 800 conjugate
(cat. n. AC2134, Azure Biosystems, .25 μg ml�1), goat
anti-human IgG H + L Alexa Fluor® 633 conjugate (poly-
clonal, cat. n. A-21091, Invitrogen, 4 μg ml�1). The fluo-
rescent signal was detected using Azure c600 Imaging
System (Azure Biosystems). Ponceau staining was used
as a control of protein loading. The density of bands on
blots was quantified using Fiji ImageJ or AzureSpot soft-
ware (Azure Biosystems).

2.10 | Flow cytometry

Media from the spheroids was removed, and 3 ml of
PBS/5-mM EDTA was added. Spheroids were kept for
10 min on ice, followed by 10 min at 37�C. After this pro-
cedure, the cells weakened the attachment to each other
and were resuspended in PBS/.5% BSA, resulting in
single-cell suspension in concentration 2 � 103 cells μl�1.
Since then, the suspension has been kept on ice. Samples
containing 105 cells in 50 μl of PBS/.5% BSA were incu-
bated for 30 min in the dark on ice with phycoerythrin-
conjugated primary antibodies (custom procedure, Exbio)
against different epitopes of prion protein molecule—
DC2 (recognizing N-terminal part, monoclonal, IgG2a,
donated by Vladka Curin Serbec, Blood Transfusion Cen-
tre of Slovenia, Slovenia, final concentration 5 μg ml�1

[Didonna et al., 2015]), AH6 (recognizing C-terminal
part, monoclonal, IgG2a, TSE Resource Centre, Roslin
Institute, UK, final concentration 35 μg ml�1 [Glier &
Holada, 2012]) and with isotypic control. Antibodies were
previously titrated for their saturating concentrations.
The staining was stopped by adding 1 ml of PBS and mix-
ing, and then the cells were centrifuged (500 g, 3 min,
4�C) and resuspended in 300 μl of PBS/.5% BSA. The flow
cytometer FACS Canto II (BD Biosciences) was calibrated
daily before measurement using Cytometer Setup &
Tracking Beads Kit (BD Biosciences). The dead cells were
excluded from the analysis by propidium iodide staining
(.1 μg ml�1). The data were analysed and corrected with
fluorescence spectral overlap compensation using the
FlowJo software.

2.11 | Cell cycle analysis

The cells were washed with PBS/.5-mM EDTA, and 106

cells were resuspended in 1 ml of cold PBS. The cell sus-
pension was slowly added into 70% ethanol while mixing.
The cells were fixed for 24 h at 4�C. Next, the cells were
centrifuged (200 g, 10 min, 4�C), washed with cold PBS,
and the cell nuclei were stained with 500 μl of propidium

4440 FREMUNTOVA ET AL.
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iodide staining solution (PBS/.1% Triton X-100,
20 μg ml�1 propidium iodide, 10-μl RNase A [CellCycle-
FlowEx Kit, Exbio]) in RT in the dark for 30 min. The
distribution into the cell cycle phases was determined
using flow cytometry and the detection of DNA by propi-
dium iodide (Pozarowski & Darzynkiewicz, 2004). Cell
doublets were excluded by analysis of the fluorescent sig-
nal peak area and width on the scattergram. The cell
cycle analysis was done with the Flow Jo software using
the Dean-Jett-Fox model.

2.12 | Immunohistochemical staining of
spheroids

To visualize the prion infection among the spheroid cells,
spheroids were fixed by 3.8% formaldehyde in PBS and
embedded in paraffin; 5-μm-thick sections of formalin-
fixed and paraffin-embedded samples were deparaffi-
nized, pretreated in 96% formic acid and 4M guanidine
thiocyanate, and then incubated with two primary anti-
prion protein antibodies, clone 6H4 (Prionics,
Switzerland, dilution 1:3000 [Matej et al., 2012]) and
clone 12F10 (Cayman Chemical, USA, dilution 1:8000
[Jankovska et al., 2022]) overnight at 4�C. A second layer
for light microscopy visualization, consisting of second-
ary horseradish peroxidase-conjugated antibody
(En Vision FLEX/HRP, Dako, Denmark), was applied for
20 min at room temperature. The samples were then
incubated with DAB (Substrate Chromogen Solution,
Dako, Denmark) for 10 min to visualize the reaction.
Mayer’s Hematoxylin Solution was used as a counter-
stain. Images were taken by light microscope Olympus
BX53 at original magnification 200� and 400�. For stain-
ing with haematoxylin-eosin only, the samples were
deparaffinised, rehydrated and stained according to stan-
dard haematoxylin-eosin protocol.

2.13 | Real-time quaking-induced
conversion (RT-QuIC) assay

The detection of prion seeding activity in the cell homoge-
nate samples (1 g protein/L in PBS) was done by second-
generation RT-QuIC assay as described previously (Moško
et al., 2021). The samples were serially diluted 10�1 – 10�8

in PBS buffer containing N-2 supplement (Gibco, Thermo
Fisher, Prague, Czech Republic) and .1% SDS. All dilu-
tions were analysed in quadruplicate; 2 μl of the diluted
sample was added to 98 μl of the reaction mix. The reac-
tion mix consisted of 10-mM phosphate buffer, pH 7.4;
300-mM NaCl; 10-μM thioflavin T; 1-mM EDTA; .002%
SDS; and .1 mg ml�1 of recombinant shortened hamster

PrP (rHaPrP90–231). The assay was carried out in FLUOs-
tar Omega plate reader (BMG LABTECH GmbH, Orten-
berg, Germany) by alternating shaking (60 s, 700 rpm,
double orbital) and rest (60 s) cycles at 55�C for 48 h. The
fluorescence was measured every 15 min.

3 | RESULTS

3.1 | CAD 5 cells infected with prions are
capable of differentiation in 2D culture

The CAD 5 cells chronically infected with RML prions
(CAD 5 RML) were able to initiate cell differentiation
after the change of media and serum withdrawal, simi-
larly as we have shown in the non-infected cells previ-
ously (Fremuntova et al., 2020). Upon serum withdrawal,
the majority of the cells stopped proliferating, and their
morphology changed from round, spread cells to cells
with neurites (Figure S1). However, in comparison with
the non-infected cells, the CAD 5 RML cells remained
longer in a proliferative state, and their differentiation
process was slower (see Data S1). Similarly, PrP knock-
out cells (CAD 5 PrP�/�) lacking PrPC displayed higher
proliferating capacity in 2D culture compared with CAD
5 PrP+/+ cells (Figure S2).

3.2 | CAD 5 cells can proliferate in 3D
and form spheroids

CAD 5 cells kept in flasks with non-adhesive surface and
incubated on a rocking platform spontaneously formed
3D spheroids. Already on the third day after the seeding,
there were loose cell aggregates with a median diameter
of 151 μm (Figure 1a,b). During the time, the spheroids
grew reaching a median size approx. 320 μm the 18th
day. Since then, the size has remained stable. According
to the light microscopy observations, spheroids were
compactly formed from Day 7 (Figure 1a).

We were able to keep spheroids in culture for
12 weeks with no noticeable morphological change (data
not shown). Cultivation beyond 12 weeks has led to
higher cell mortality, resulting in gradual spheroid disin-
tegration. During the spheroid culture, some cells were
always found dead floating in the media (Figure 1a, little
dots), and they were removed by its change. On the basis
of OPT, we can say the spheroids are fully formed by
cells; there is no cavity without the cells inside the
CUBIC-cleared spheroids (Figure 2a). Proteins were non-
specifically stained with CellTrace Far Red (Invitrogen);
the dye diffuses through the cytoplasmic membrane and
is cleaved by intracellular esterases creating fluorescence

FREMUNTOVA ET AL. 4441
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compound that binds to free amines of proteins
(Figure 2b). A video showing rotation of OPT and all
planes of back-projection is provided in Supporting Infor-
mation (Video S1 and S2).

3.3 | CAD 5 cells in spheroids show
features of differentiated cells

To monitor the level of cell differentiation, we followed
the expression of several neuronal differentiation markers
using western blot (Figure S3). Densitometry analysis has
suggested that CAD 5 cells in spheroids expressed 2 times
more growth associated protein 43 (GAP 43), 1.7 times
more tyrosine hydroxylase (TH), 1.2 times more β-III-
tubulin and 1.4 times more synaptosomal-associated pro-
tein 25 (SNAP 25) than proliferating cells in monolayer
(Figure 3a). On the other hand, the cells in spheroids

expressed only 18% of glial fibrillary acidic protein (GFAP)
found in the proliferating cells in monolayer. There was
no significant difference in the expression of doublecortin.
Cells in the spheroids expressed 2.9 times more total PrPC

than the proliferating cells in the monolayer when
detected with D18 antibody (Figure 3a).

3.4 | The surface expression of cell
membrane PrPC is similar in proliferating
and spheroid CAD 5 cells, but there is more
of a truncated form on the cell membrane
of spheroid cells

Flow cytometry showed that there was no significant dif-
ference in the expression of PrPC on the cell membrane
of proliferating cells and cells in the spheroids (measured
with AH6 antibody recognizing both full-length and

F I GURE 1 CAD 5 spheroids are compact cell aggregates cultivable for weeks. (a) Representative light microscopy pictures of spheroids’
formation during the time. Scale bar: 250 μm. (b) Quantitative analysis of spheroid size at different time points during their formation.

Median ± SD, n = 3 (Days 5, 10, 14, 18, 21), n = 2 (Days 3 and 28); in total, around 700 spheroids were measured.

4442 FREMUNTOVA ET AL.
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F I GURE 2 Spheroids are fully formed by

cells. (a) Optical projection tomography: one of

the original images of the cleared spheroid (left

image) used for back-projection reconstruction

(right images) of the spheroid. Plane images from

back-projection reconstruction show that the

spheroid is full of cells. Scale bar: 100 μm.

(b) Confocal image of the cell trace far red

labelled spheroids. The picture of the spheroid

section shows intensive labelling of surface cells

and limited labelling of spheroid inner cells. Scale

bar: 50 μm.

(a) (b)

F I GURE 3 The relative expression of differentiation markers in 3D cultivated cells is different than in proliferating cells in 2D

monolayer. (a) Densitometric analysis of differentiation markers by western blots. The density of protein bands in proliferating cells was

assigned value 1, and the corresponding value of bands in spheroids was calculated. Mean ± SD, n = 3 (n [SNAP 25] = 2). (b) Flow

cytometric analysis of cell membrane expression of PrPC. Antibody against C-terminus AH6 shows expression of both truncated and full-

length PrPC; N-terminal antibody DC2 detects only full-length PrPC. Mean ± SD, n = 3. Parametric or non-parametric t test, *p < .05,

**p < .01.
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cleaved PrPC) (Figure 3b). On the other hand, there was
only 56% of full-length PrPC on the cell membrane of
spheroid cells compared with the cell membrane of pro-
liferating CAD 5 cells (measured with DC2 antibody rec-
ognizing full-length PrPC only).

3.5 | The majority of CAD 5 cells in
spheroids stopped dividing

Cell cycle analysis showed that the majority of the spher-
oid cells were found in the G0/G1 phase (84.4%), and
only 7.9% and 5% were found in the S and G2/M phases

of the cell cycle, respectively (Figure 4). On the other
hand, in proliferating CAD 5 cells, there were 55.8% of
cells in G0/G1, 25.6% in S and 18.1% in G2/M phase
of the cell cycle.

3.6 | CAD 5 cells chronically infected
with RML prions keep the infection after
forming spheroids

CAD 5 RML cells formed spheroids similarly to their
non-infected counterparts. Staining of fixed, paraffin-
embedded slices of the infected spheroids with antibody

F I GURE 4 The majority of the spheroid cells are in the G1/G0 phase of the cell cycle. The scattergram shows the gating of the cell

population harvested from the proliferating cells in monolayer (a) and from the spheroids (b). To exclude cell doublets, we plotted the area

of the propidium iodide (PI) peak versus the width of the PI peak. The cell cycle was analysed using the Dean-Jett-Fox model. (c) Cell cycle

analysis of proliferating cells in monolayer and spheroid cells. Mean ± SD, n = 3, Welch two sample t test. *p < .05, **p < .01.
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6H4 demonstrated that practically all cells in the spher-
oids were positive for PrPTSE (Figure 5a). The staining
with antibody 12F10 provided a similar picture but
stained the PrPTSE with lower affinity (Figure 5b). The
intensity of the signal varied among the cells. In some
cells, aggregates of PrPTSE were found (black arrows),
and in others, there was only a tiny granular positivity of
cytoplasm (red arrows). No signal was found in non-
infected spheroid cells (data not shown). To confirm the
cells’ integrity, spheroids were also stained with haema-
toxylin and eosin (Figure 5c).

3.7 | CAD 5 cells chronically infected
with RML prions in spheroids display a
similar level of PrPTSE as their proliferating
counterparts in 2D monolayer

Western blot analysis of CAD 5 spheroids and proliferat-
ing CAD 5 cells, both chronically infected with RML, has
demonstrated similar levels of PrPTSE (Figure 6a,b). We
also proved that the spheroids formed from non-infected
CAD 5 cells can be infected de novo. The presence of
PrPTSE can be reliably detected starting 3 weeks after the
exposition of spheroids to RML infectious inoculum, and
the infection seems stable (Figure 6a, line 4).

3.8 | CAD 5 cells chronically infected
with RML prions in 3D spheroid culture
contain a higher level of prion converting
activity than the proliferating cells in 2D
monolayer

RT-QuIC assay analysis of serial dilutions of proliferat-
ing CAD 5 RML cells cultivated in monolayer has
demonstrated the presence of prion converting activity
up to 10�5 homogenate dilution (Figure 7a). In com-
parison, CAD 5 RML cells in 3-week-old spheroids
provided the fluorescence signal up to 10�7 homoge-
nate dilution (Figure 7b). The higher amount of prion
converting activity in spheroids is documented by sig-
nificant differences in the achieved maximal mean
fluorescence (Figure 7c) and time to threshold
(Figure 7d). Similar RT-QuIC results have been
obtained also with 6-week-old CAD 5 RML spheroid
culture (Figure S4A) and de-novo RML-infected spher-
oids (Figure S4B). Application of the Spearman-Karber
analysis on the collected data allowed calculation of
the median prion seeding dose (SD50) present in the
studied cell homogenates. RML-infected spheroid cells
have 1–2 orders of magnitude higher SD50 than the
proliferating CAD 5 RML cells in the monolayer
(Table 1).

F I GURE 5 Spheroids formed from prion

chronically infected CAD 5 cells keep the

infection. Slices from fixed spheroids stained

with 6H4 (a) and 12F10 (b) antibody recognizing

PrPTSE show the presence of Rocky Mountain

Laboratory prion strain (RML) infection

(brown). Black arrows: aggregates of PrPTSE; red

arrows: cytoplasmic granular positivity.

(c) Spheroid stained with hematoxylin and

eosin. Scale bar represents 100 μm.
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4 | DISCUSSION

Cell lines that divide rapidly may dilute out PrPTSE inocu-
lums as the cells replicate more quickly than PrPTSE is
formed (Ghaemmaghami et al., 2007). When using non-
dividing cell culture, the accumulation of PrPTSE may be
much higher than in proliferating cells (Herbst
et al., 2014). In addition, non-dividing cells better repre-
sent the in vivo situation of neuronal cells in the brain.
In this study, we first attempted to gain more knowledge
about the effect of prion infection on our 2D model of dif-
ferentiated CAD 5 cells (Fremuntova et al., 2020). The
differentiation process of the infected cells showed some
delay, and the neurites grew slower compared with non-
infected cells. This is in accord with studies where the

presence of PrPTSE caused neurite retraction
(Alleaume-Butaux et al., 2015; Fang et al., 2016), while
PrPC stimulated neurite outgrowth (Alleaume-Butaux
et al., 2013; Amin et al., 2016; Loubet et al., 2012). It is
not clear whether prion neurotoxicity is caused by the
gain of function of toxic PrPTSE or the loss of neuropro-
tective activity of PrPC (Harris & True, 2006). The func-
tion of PrPC in the differentiation process may be
silenced by the dominance of PrPTSE. It has been pub-
lished that upregulation of PrPC in human embryonic
stem cells induced their differentiation, while PrPC

silencing caused the differentiation delay (Lee &
Baskakov, 2013). Based on the loss-of-function hypothe-
sis, the situation of prion infection may in some aspects
resemble the situation of no PrPC expression. For

(a) (b)

(c)

F I GURE 6 Western blot analysis confirms that PrPTSE is present in spheroids derived from chronically infected CAD 5 cells as well as

in de novo infected spheroids. (a) Rocky Mountain Laboratory prion strain (RML) brain homogenate used as a positive control (1). CAD

5 RML chronically infected cells cultured as proliferating monolayer (2) or spheroids (3). PrPTSE was visualized after NaPTA precipitation

and proteinase K (PK) treatment by immunostaining with the mixture of 6D11 and AH6 antibodies. (4) The presence of PrPTSE in de novo

infected spheroids 6 weeks after their exposure to infectious RML inoculum. (b) Densitometric analysis of total PrP (PK�) and PK resistant

PrPTSE (PK+) in the RLM chronically infected 2D proliferating cells and 3-week-old spheroids. Mean ± SD, n = 3, t test. (c) Detection of

PrPTSE in the spheroids 3 weeks after their de novo infection with RML prions using western blot. The cell lysate was left untreated (PK-) or

cleaved by proteinase K (PK+), subjected to NaPTA precipitation and serially diluted. Immunostaining was done as described above;

recombinant prion protein (rPrP) was used as a control.
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example, accumulation of PrPTSE caused neurite retrac-
tion in cells expressing PrPC, and at the same time, the
PrP�/� cells with no PrPC expression showed shorter
neurites compared PrPC expressing cells (Fang
et al., 2016; Kuwahara et al., 1999). In our previous study,

we showed that there was no difference in the dynamics
of cell morphology change between CAD 5 PrP�/� and
CAD 5 PrP+/+ cells during the differentiation induced by
serum withdrawal. However, CAD 5 PrP�/� had slightly
higher proliferating activity under normal culture

F I GURE 7 Real-time quacking-induced conversion (RT-QuIC) assay of Rocky Mountain Laboratory prion strain (RML)-infected CAD

5 cells grown in 2D monolayer and 3D spheroid culture. Kinetics of RT-QuIC reaction in serial dilution (10�1 – 10�8) of the cells

homogenate (1 g/L of protein) of (a) 2D RML chronically infected CAD 5 cells and (b) 3D RML chronically infected CAD 5 cells.

(c) Comparison of max ThT fluorescence values of 2D (black circles) and 3D (red triangles) CAD 5 RML infected cell homogenates diluted

10�1 – 10�8. (d) Comparison of time to threshold values between 2D and 3D CAD 5 RML infected cells. Individual values with arithmetic

mean values are shown. A time of 60 h was assigned when the threshold was not reached. (**p < .01; ***p < .001). The threshold (39676 AU)

was calculated as the arithmetic mean of maximal ThT fluorescence values of non-infected CAD 5 cells + 5 SD and is indicated by a dashed

line. ThT fluorescence is expressed as arbitrary units AU. RML BH is brain homogenate from prion RML-infected mice.

TAB L E 1 Comparison of median prion seeding dose (SD50) of prion-infected CAD 5 cells cultured in monolayer (2D) or as spheroids

(3D) estimated by RT-QuIC. CAD 5 cells chronically infected with RML prions (CAD 5 RML) were cultured in 2D or 3D conditions for 3 or

6 weeks. Eventually, a 1-week-old spheroid culture of CAD 5 cells was infected de novo by RML prions, and the spheroids were cultured for

an additional 5 weeks. The representative mixed (n = 2) cell homogenates were prepared, and their serial dilutions were analysed by RT-

QuIC in quadruplicates. The SD50 was calculated using the Spearman-Karber method (Wilham et al., 2010).

Cells
Type of
culture Inoculum

Culture length
(weeks)

log10 SD50/2-μl cell
homogenate

log10 SD50/mg cell
protein

CAD 5
RML

2D n/a 3 5.25 7.95

CAD 5
RML

3D n/a 3 7.25 9.95

CAD 5
RML

3D n/a 6 6.50 9.20

CAD 5 3D RML 5 6.25 8.95

Abbreviations: RML, Rocky Mountain Laboratory prion strain; RT-QuIC, real-time quacking-induced conversion assay.
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conditions (Fremuntova et al., 2020). Faster proliferation
of PrP-knock-out neuronal cells has already been
reported (Kim et al., 2005). This is in accord with our
data demonstrating that the CAD 5 PrP�/� cells continue
proliferating longer after the serum withdrawal, and they
return faster back to the proliferative status after dediffer-
entiation by serum inclusion. Interestingly, our experi-
ments with differentiating RML-infected CAD 5 cells in
2D culture also suggested their somewhat slower
response to induction of differentiation.

After verifying that prion infected CAD 5 cells are
capable of differentiation, we have attempted to develop
a 3D spheroid model by gradually changing cell culture
conditions from the proliferative to the differentiating
without serum. During the cultivation, the size of
spheroids grew in time, reaching a plateau around the
14th day when most of them were visible to the eyes.
This allows simple sampling, treatment and analysis of
the individual spheroids in future studies. Spheroid dif-
ferentiation may take longer than 5–7 days used in
monolayer CAD 5 cell culture because the exchange of
media and serum withdrawal is gradual. However, the
interactions of the cells forming the spheroid may itself
provide a differentiating signal. It was demonstrated in
human neuroblastoma SH-SY5Y cells grown in 3D,
which started differentiation without the necessity of its
induction and had longer neurites than the cells differ-
entiated in 2D (Seidel et al., 2012). The CAD 5 spheroids
seem well formed without any inner cavity. Non-
specific protein dye did not label the centre of the
spheroids, suggesting that the packing of the cells lim-
ited the diffusion of the dye. The diminished ability of
fluorescent dyes to penetrate deep inside the spheroids
was noted before (Leary et al., 2018). This feature may
make testing of any active compound (e.g. anti-prion
drug) in our spheroid culture more stringent and closer
to reality.

Differentiated cells stop dividing and are arrested in
the G0 phase (Galderisi et al., 2003). The pool of undiffer-
entiated cells remaining in the S and M-phase in CAD
5 spheroids was similar to what we described for the cells
differentiated in a 2D monolayer (Fremuntova
et al., 2020). The comparable pool of cells in the S and
M-phase was also described in neurospheres generated
from adipose-derived stem cells (Yang et al., 2015). In our
hands, it was difficult to resuspend the spheroids to get a
single-cell suspension, and many cells became fragmen-
ted. We faced the same problem when resuspending 2D
differentiated CAD 5 cells, and we ascribed it to the fra-
gility of long and thin neurites. Having the same problem
now suggests a similar vulnerability of the cells in spher-
oids to mechanical stress as differentiated cells in 2D
culture.

To analyse the differentiated status of the cells form-
ing the spheroids, we examined the level of expression
of various neuronal protein markers at the protein level.
In 2D, we did not observe any difference in the expres-
sion of SNAP-25 and beta-III-tubulin after CAD 5 cells
differentiation (Fremuntova et al., 2020), but in the
spheroids, the expression of both markers was increased.
This suggests the 3D environment may itself function as
a differentiation stimulus. Similarly, in 3D neurosphere
culture, the comparison of expression of neuronal
markers as nestin, doublecortin and neurofilament-L
showed increased neuronal differentiation over 2D cell
culture (Collins & Haigh, 2017). In another model, after
changing into a 3D cell culture, SHSY5Y cells expressed
more beta-III-tubulin compared with the monolayer
(Seidel et al., 2012). Expression of GFAP was signifi-
cantly decreased in spheroid cells, indicating CAD 5 cells
differentiate in the direction of neuronal cells because
GFAP is a specific marker of astrocytes (Yang &
Wang, 2015). GFAP was also detected in the ventral ros-
tral hindbrain at E12 but not in neurospheres formed
from this tissue (Osterberg & Roussa, 2009). The overall
expression of PrPC in the spheroid cells was significantly
increased when compared with proliferating cells, as we
described for 2D differentiated CAD 5 cells. However,
PrPC expression on the cell surface of spheroid cells was
similar as in the proliferating cells. That differed from
the 3-fold increase of the surface PrPC expression in 2D
differentiated cells. On the other hand, the decreased
ratio of full-length and cleaved PrPC on the plasma
membrane of differentiated cells was similar in both 2D
and 3D cultures and differed from the even ratio seen in
the proliferating CAD 5 cells (Fremuntova et al., 2020).
Our data suggest that while 2D and 3D differentiated
cells share many similarities in the expression of differ-
entiation markers, there are also some differences that
may reflect a less artificial nature of the spheroid
culture.

An important finding of our study was that the CAD
5 cells chronically infected with prions are capable of
spheroid formation under the same conditions as the
noninfected cells. The distribution of PrPTSE through
the CAD 5 RML spheroids was homogenous, and the
cells kept the PrPTSE quantity at the similar level as the
RML infected proliferating cells in monolayer. We have
expected to see more PrPTSE accumulation in our 3D sys-
tem, as the differentiated cells do not dilute their build-
up by cell division. This suggests that some other factor is
limiting the accumulation of PrPTSE in the spheroids. The
accumulation of PrPTSE in the cell culture is affected by
the interplay of PrPTSE de novo formation, degradation,
secretion, uptake and cell division (Ghaemmaghami
et al., 2007). The importance and dynamics of these
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processes in our 3D culture remain to be elucidated. In
contrast to a similar level of PrPTSE accumulation, the
amount of prion-converting activity in the CAD 5 RML
spheroids was markedly increased in comparison with
the 2D infected culture. This finding suggests that PrPTSE

in the spheroid cells is more competent to initiate confor-
mational change and aggregation of recombinant PrP
substrate than PrPTSE in the 2D culture. One possible but
purely speculative explanation of this phenomenon is
that the enhanced degradation of large PrPTSE fibrils in
the spheroids leads to an increased level of aggregation
competent PrPTSE oligomers and, at the same time, keeps
the overall amount of PrPTSE constant. Another impor-
tant finding was that we were able to infect already
formed CAD 5 spheroids with RML prions de novo, albeit
the accumulation of detectable levels of PrPTSE took
noticeably longer than in the dividing CAD 5 cell culture.
However, the level of prion converting activity in de novo
infected spheroid culture detected by RT-QuIC was again
higher compared with the infected 2D cultured cells. Pre-
vious studies of prion infection in 3D models suggested
the presence of pathological changes observed in patient
tissues, and we plan to investigate this interesting subject
in our future studies.

5 | CONCLUSIONS

Our 3D culture model of differentiated CAD 5 cells pro-
vides an attractive model for further prion research
because it is low cost, easy to produce and cultivable for
weeks. In addition, as CAD 5 cells are known to propa-
gate various prion strains, it can contribute to studies of
prion strain differences. We anticipate the suitability
of the CAD 5 spheroid model in testing anti-prion com-
pounds and studies of factors affecting the dynamics of
PrPTSE accumulation. Furthermore, as the CAD cells
have been previously used to study various aspects of
neuronal pathophysiology, we foresee that our simple 3D
spheroid model may also find utility outside the prion
field.
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