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ABSTRACT 

 Prion disease, or transmissible spongiform encephalopathy (TSE), is a type of 

neurodegenerative disease for which there is no treatment and which is invariably fatal. Prion 

diseases are distinct in the field of biology and medicine, not only because they can be sporadic, 

infectious, or inherited, but also because they can transmit disease without the need for nucleic 

acids. Prion diseases, or prionopathies, arise when PrPC (the “C” denotes cellular, in relation to 

the normal version of the protein) which is α-helical rich, misfolds into a pathogenic form (PrPSc 

– the “Sc” denotes scrapie, named for the first known prion disease), which is comprised largely 

of β-sheets, and triggers a cascade of PrPC misfolding and aggregation, followed by neuronal 

loss. Prion strains are much different than viral or bacterial strains. Prion strains are defined by 

their abilities to induce distinct neuropathological deposition patterns of PrPSc, including distinct 

areas of involvement within the brain, incubation period, and clinical presentation. While it has 

been previously established that the disease specific isoform of the prion protein, PrPSc, is 

essential for establishing infection, it is not clear how PrPSc of different strains is able to induce 

distinct neuropathological profiles. Different cell features may preferentially facilitate strain 

propagation in certain brain regions; some of these cell features include levels of surface 

polyanion molecules, levels of PrPC expression, and membrane lipid content. Another aspect that 

can vary between cells is the level of basal autophagy, which plays a role in PrPSc clearance. We 

hypothesized that basal autophagy can influence cell susceptibility to prions. To investigate the 

relationship between autophagy and cell susceptibility, we examined the infection efficiency of 

RML-strain mouse-adapted scrapie prions in three cell lines (N2a, CAD5, and L929) in relation 

to the cells’ basal levels of autophagy. Contrary to our hypothesis, we found that basal autophagy 

level did not correlate with cell susceptibility in the three cell lines tested. We then modulated 
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autophagy to determine if we could alter susceptibility to prion infection. Augmentation of 

autophagy was able to protect L929 cells from de novo prion infection, in addition to clearing 

chronically infected CAD5-RML cells of PrPSc material. We also found that early fluctuations in 

autophagy could predict the re-emergence of PrPSc material in subsequent passages for N2a and 

CAD5 cells, but not L929 cells and that an increase in the relative amount of PrPSc material in 

early passages could predict the return of PrPSc signal in later passages for all three cell lines. 

Unfortunately, due to technical issues we were unable to determine if autophagic inhibition 

increased cell susceptibility to prion infection. In conclusion, basal autophagy levels did not 

correlate with cell susceptibility to prion infection, even though increasing autophagy did reduce 

cell susceptibility to prion infection and clear cells of chronic prion infection. Interestingly, early 

autophagic flux and levels of PrPSc predicted whether PrPSc re-emerged in late passages. 
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TABLES 

Table 1: Summary of basal autophagy, basal PrP
C
 expression, and the effect of autophagic 

modulation on cell susceptibility to prion infection in L929, CAD5, and N2a cells. 
 L929 CAD5 N2a 

Basal Autophagy +++ ++ + 

Basal PrP
C + +++ ++ 

Autophagy Change Under 
Chronic PrP

Sc
 Infection 

N/A ! N/A 

De Novo Infection Rate 7/11 0/6 0/6 

Trehalose Effect on PrP
Sc

 
Infection 

0/6 CAD5-RML: 3/3 
cleared 

N/A 

Trehalose Effect on PrP
C ! ! é 

Wortmannin Experiment De 
Novo Infection Rate 

0/9 4/9 1/6 

Wortmannin Effect on PrP
C é ! ! 

Early (P2-4) Changes in 
Autophagy 

Negative: ! Negative: é 
Positive:  ! 

Negative: ! 
Positive:  ê 

Late (P5-7) Changes in 
Autophagy 

Negative: ! Negative: é 
Positive:  é 

Negative: ê 
Positive:  ê 

Table Legend 

Symbol Meaning Symbol Meaning 

+++ Most ! No Change 

++ Mid N/A Not Applicable 

+ Least Negative No PrP
Sc

 return in P6/7 

é Increase Positive PrP
Sc

 return in P6/7 

ê Decrease   
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FIGURES 

 

Figure 1: Basal levels of autophagosome formation and PrP
C
 for L929, CAD5, and N2a 

cells. (A & C) Immunoblots of LC3-I/II, actin, and PrP
C
 for L929 (lanes 1-3), CAD5 (lanes 4-6), 

and N2a (lanes 7-9) cells using an anti-LC3 mAB, anti-β-actin mAB, and anti-PrP mAB 
(SAF83), respectively (10µg total protein loaded). (B & D) Bar graph representation for L929, 
CAD5, and N2a cells of (B) endogenous levels of LC3-II in relation to the actin control 
expressed as a ratio of LC3-II/actin, and (D) PrP

C
 levels (+/- SD, N=3). Autophagosome 

formation and PrP
C
 levels differ significantly between the three cells lines. One-way ANOVA 

with a post-hoc Tukey’s multiple comparisons test for (D & F). *p < 0.05; **p < 0.01; ***p < 
0.001; ****P < 0.0001.  
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Figure 2: Autophagosome formation and relative PrPSc levels in the chronically-infected 
CAD5-RML cell line. (A) Immunoblots of LC3-II and actin for CAD5 (from Fig. 1) and CAD5-
RML, and PrPSc levels in CAD-RML cells persistently infected with RML. For LC3 and actin, 
cell lysates were visualized on an immunoblot using an anti-LC3 mAB or anti-β-actin mAB, 
respectively (10µg of total protein). For PrPSc, 30µg of total protein from cell lysates were PK 
digested and visualized on an immunoblot using an anti-PrP mAB (SAF83). (B) Bar graph 
representation of endogenous levels of LC3-II in relation to the actin control expressed as a ratio 
of LC3-II/actin for CAD5 and CAD5-RML cells (+/- SD, N=3).   
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Figure 3: Exposure of RML BH to N2a and CAD5 cells. (A & C) Immunoblots of PrPSc in 
(A) N2a and (C) CAD5 cells. Cells were exposed to RML BH at passage 1 and were cultured 
over the course of six passages (72hrs/passage; P2-6 in lanes 4-8, respectively). 30µg of total 
protein from N2a cell lysates were digested with PK and PrPSc levels were visualized by 
immunoblot using anti-PrP mAB (SAF83). Indicated amounts of protein from an RML BH were 
PK digested (lanes 1-3) for reference. (B & D) Bar graph representation of (B) N2a and (D) 
CAD5 cells of the relative amounts of PrPSc over time in relation to RML BH standards (N2a: 
+/- SD, N=6; CAD: +/- SD, N=6).  
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Figure 4: Exposure of RML BH to cured CAD5 cells and relative PrPC levels before and 
after curing. (A) Immunoblot of PrPSc demonstrating curing of CAD5-RML cells. Cells were 
cured with PPS over 7 passages. 30µg of total protein from cured CAD5 cells were digested with 
PK and PrPSc was probed by immunoblot using anti-PrP mAB (SAF83) (N=3). CAD5-RML 
digested with PK was run on the same blot for comparison. (B) Immunoblot of PrPSc in cured 
CAD5 cells. Cells were exposed to RML BH at passage 1 and were cultured over the course of 
six passages (72hrs/passage; P2-6 in lanes 4-8, respectively). 30µg of total protein from cured 
CAD5 lysates were digested with PK and PrPSc levels were visualized by immunoblot using anti-
PrP mAB (SAF83). Indicated amounts of protein from an RML BH were PK digested (lanes 1-3) 
for reference. (C) Immunoblot of PrPC in CAD5 (lanes 1-3), cured CAD5 (lanes 4-6), and 
CAD5-RML (lanes 7-9). Undigested cell lysates were probed with anti-PrP mAB (SAF83).  (D) 
Bar graph representation of the relative amounts of PrPSc over time in relation to RML BH 
standards (+/- SD, N=6). (E) Bar graph representation of the amount of PrPC (+/- SD, N=3). 
Cured CAD cells had significantly less PrPC than CAD5 and CAD5-RML cells. One-way 
ANOVA with a post-hoc Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 
0.001.  
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Figure 5: Autophagy after exposure to RML BH in L929 infection experiments. L929 cells 
were exposed to RML BH at P1 and cultured over the course of seven passages (72hrs/passage; 
P2-7 in lanes 4-9, respectively). (A & B) Immunoblots of PrPSc, LC3-II, and actin. (A) In 7 of 11 
experiments, PrPSc was detectable in P6/7; (B) in 4 of 11 experiments, PrPSc was lost after P4. 
30µg of total protein from L929 cell lysates were digested with PK and PrPSc levels were 
visualized by immunoblot using anti-PrP mAB (SAF83). Indicated amounts of protein from an 
RML BH were PK digested (lanes 1-3) for reference. For LC3-II and actin, L929 cell lysates 
were visualized on an immunoblot using an anti-LC3 mAB or anti-β-actin mAB, respectively 
(10µg total protein loaded). (C) Bar graph representation for experiments where PrPSc was 
detectable in P6/7 (blue, +/- SD, N=7) and where PrPSc was lost after P4 (red, +/- SD, N=4) of 
the relative amounts of PrPSc over the course of seven passages. (D) Bar graph representation of 
endogenous levels of LC3-II in relation to the actin control in L929 cells where PrPSc was 
detectable in P6/7 (blue, +/- SD, N=5) and where PrPSc was lost after P4 (red, +/- SD, N=3) 
expressed as a ratio of LC3-II/actin. In experiments where PrPSc was detectable in P6/7 there was 
a noticeable decline in autophagosome formation in P5/6, while in experiments where PrPSc was 
not detectable in P6/7, autophagosome formation remained elevated. Two-way ANOVA with a 
post-hoc Sidak’s multiple comparisons test for panel (A & B) in relation to P2. *p < 0.05; **p < 
0.01; ***p<0.001 (red = negative, blue = positive). 
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Figure 6: Induction of autophagy in L929 cells by trehalose after 72hrs. (A) L929 cells were 
either untreated (lane 1 & 2) or treated with either 10mM (lane 3 & 4) or 50mM (lane 5 & 6) 
trehalose and visualized on an immunoblot using an anti-LC3 mAB (10µg of total protein). (B) 
L929 cells either untreated (lane 1-3) or treated with 25mM trehalose (lane 4-6) visualized on an 
immunoblot using an anti-LC3 mAB, including relative PrPC levels (anti-PrP mAB – SAF83) 
(10µg total protein loaded). (C) Bar graph representation of the endogenous levels of LC3-II in 
relation to the actin control expressed as a ratio of LC3-II/actin (+/- SD, Control N=5, 25mM 
N=3, 10mM & 50mM N=2). (D) Bar graph representation of the amount of PrPC in L929 cells 
+/- 25mM trehalose (+/- SD, N=3). 25mM of trehalose induced an increase (~2.5-fold) of 
endogenous LC3-II. One-way ANOVA with a post-hoc Dunnett’s multiple comparisons test for 
panel (A), unpaired two-tailed t test for panel (C). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 
0.0001. 
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Figure 7: Induction of autophagy in N2a and CAD5 cells by trehalose after 72hrs. (A) N2a 
and (B) CAD5 cells were either untreated (lane 1-3) or treated with 100mM trehalose (lane 4-6) 
were visualized on an immunoblot using an anti-LC3 mAB, including relative PrPC levels (anti-
PrP mAB – SAF83) (10µg total protein loaded). (C) Bar graph representation of endogenous 
levels of LC3-II in relation to the actin control in N2a and CAD5 cells  with (blue) and without 
(red) 100mM trehalose expressed as a ratio of LC3-II/actin (+/- SD, N=3). (D) Bar graph 
representation of the amount of PrPC in N2a and CAD5 cells with (blue) or without (red) 100mM 
trehalose (+/- SD, N=3). 100mM of trehalose induced an increase of endogenous LC3-II in N2a 
(~1.5-fold) and CAD5 (~2-fold) cells. Notably, there was a significant difference in PrPC levels 
in the untreated vs. treated N2a cells, while there was no significant difference for CAD5 cells. 
Unpaired two-tailed t test for panels (A) and (B). *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 8: Time-dependent reduction of PrPSc through induction of autophagy by trehalose. 
(A & C) Immunoblots of PrPSc in (A) chronically infected CAD5-RML cells and (C) L929 cells. 
Cells were either untreated (P1-3 in lanes 4-6 for CAD) or treated with 100mM of trehalose (P1-
3 in lanes 7-9 for CAD5; P2-7 in lanes 4-9 in L929) over three passages (72hrs/passage). 30µg of 
total protein from cell lysates were digested with PK and PrPSc levels were visualized by 
immunoblot using anti-PrP mAB (SAF83). Indicated amounts of protein from an RML BH were 
PK digested (lanes 1-3) for reference. (B & D) Bar graph representations of the amounts of PrPSc 
relative to RML BH standards in (B) CAD5-RML cells over three passages (+/- SD, N=3) and 
(D) L929 cells over the course of seven passages (+/- SD, N=7). Two-way ANOVA with a post-
hoc Sidak’s multiple comparisons test for panel (B). *p < 0.05; **p < 0.01. 
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Figure 9: Inhibition of autophagy in N2a, CAD5, and L929 cells with wortmannin after 
72hrs. (A-C) Immunoblots of LC3-II, actin, and PrPC in (A) N2a, (B) CAD5, and (C) L929 cells. 
Cells were either untreated (lane 1 & 2) or treated with either 1µM (lane 3 & 4) or 10µM (lane 5 
& 6) of wortmannin and visualized on an immunoblot using an anti-LC3 mAB and anti-PrP 
mAB (SAF83) (10µg total protein loaded). (D & E) Bar graph representation for N2a, CAD5, 
and L929 cells of (D) endogenous levels of LC3-II in relation to the actin control expressed as a 
ratio of LC3-II/actin, and (E) PrPC levels after treatment with 1µM (blue) or 10µM (green) in 
comparison to untreated (red) cells (+/- SD, N=2). One-way ANOVA with a post-hoc Tukey’s 
multiple comparisons test for panels (A-C). *p < 0.05; **p < 0.01; ***p < 0.001. 
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Figure 10: Autophagosome formation and PrPSc in N2a cells exposed to RML BH after 
treatment with wortmannin. N2a cells were exposed to RML BH at P1 and cultured over the 
course of seven passages (72hrs/passage; P2-7 in lanes 4-9, respectively). (A & B) Immunoblots 
of PrPSc, LC3-II, and actin. (A) In 1 of 6 experiments, PrPSc was detectable in P6/7; (B) in 5 of 6 
experiments, PrPSc was lost after P4. 30µg of total protein from N2a cell lysates were digested 
with PK and PrPSc levels were visualized by immunoblot using anti-PrP mAB (SAF83). 
Indicated amounts of protein from an RML BH were PK digested (lanes 1-3) for reference. For 
LC3-II and actin, undigested N2a cell lysates were visualized on an immunoblot using an anti-
LC3 mAB or anti-β-actin mAB, respectively (10µg total protein loaded). (C) Scatterplot 
representation for experiments where PrPSc was detectable in P6/7 (blue, +/- SD, N=1) and 
where PrPSc was lost after P5 (red, +/- SD, N=5) of the relative amounts of PrPSc over the course 
of seven passages. (D) Mean scatterplot representation of endogenous levels of LC3-II in relation 
to the actin control in N2a cells where PrPSc was detectable in P6/7 (blue, +/- SD, N=1) and 
where PrPSc was lost after P5 (red, +/- SD, N=5) expressed as a ratio of LC3-II/actin. Two-way 
ANOVA with a post-hoc Sidak’s multiple comparisons test for panel (A & B) in relation to P2. 
*p < 0.05; **p < 0.01 (red = negative, blue = positive). 
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Figure 11: Autophagosome formation and PrPSc in CAD5 cells exposed to RML BH after 
treatment with wortmannin. CAD5 cells were exposed to RML BH at P1 and cultured over the 
course of seven passages (72hrs/passage; P2-7 in lanes 4-9, respectively). (A & B) Immunoblots 
of PrPSc, LC3-II, and actin. (A) In 4 of 9 experiments, PrPSc was detectable in P6/7; (B) in 5 of 9 
experiments, PrPSc was lost after P4. 30µg of total protein from CAD5 cell lysates were digested 
with PK and PrPSc levels were visualized by immunoblot using anti-PrP mAB (SAF83). 
Indicated amounts of protein from an RML BH were PK digested (lanes 1-3) for reference. For 
LC3-II and actin, undigested CAD5 cell lysates were visualized on an immunoblot using an anti-
LC3 mAB or anti-β-actin mAB, respectively (10µg total protein loaded). (C) Scatterplot 
representation for experiments where PrPSc was detectable in P6/7 (blue, +/- SD, N=4) and 
where PrPSc was lost after P5 (red, +/- SD, N=5) of the relative amounts of PrPSc over the course 
of seven passages. (D) Mean scatterplot representation of endogenous levels of LC3-II in relation 
to the actin control in CAD5 cells where PrPSc was detectable in P6/7 (blue, +/- SD, N=4) and 
where PrPSc was lost after P5 (red, +/- SD, N=5) expressed as a ratio of LC3-II/actin. Two-way 
ANOVA with a post-hoc Sidak’s multiple comparisons test for panel (A & B) in relation to P2. 
*p < 0.05; **p < 0.01 (red = negative, blue = positive). 
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Figure 12: Autophagosome formation and PrPSc in L929 cells exposed to RML BH after 
treatment with wortmannin. L929 cells were exposed to RML BH at P1 and cultured over the 
course of seven passages (72hrs/passage; P2-7 in lanes 4-9, respectively). (A) Immunoblots of 
PrPSc, LC3-II, and actin. 30µg of total protein from L929 cell lysates were digested with PK and 
PrPSc levels were visualized by immunoblot using anti-PrP mAB (SAF83). Indicated amounts of 
protein from an RML BH were PK digested (lanes 1-3) for reference. For LC3-II and actin, 
undigested CAD cell lysates were visualized on an immunoblot using an anti-LC3 mAB or anti-
β-actin mAB, respectively (10µg total protein loaded). (B) Scatterplot representation of the 
relative amounts of PrPSc over the course of seven passages (N=9). (C) Mean scatterplot 
representation of endogenous levels of LC3-II in relation to the actin control in L929 cells (+/-
SD, N=3). 
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Introduction  

Prion disease, or transmissible spongiform encephalopathy (TSE), is a type of 

neurodegenerative disease for which there is no treatment and which is invariably fatal. Prion 

diseases are distinct in the field of biology and medicine, not only because they can be sporadic, 

infectious, or inherited, but also because they can transmit disease without the need for nucleic 

acids 1 . Prion diseases, or prionopathies, arise when PrPC (the “C” denotes cellular, in relation to 

the normal version of the protein) misfolds into a pathogenic form (PrPSc – the “Sc” denotes 

scrapie, named for the first known prion disease) and triggers a cascade of PrPC misfolding and 

aggregation, followed by neuronal loss 2, 3 . Prion disease can affect many mammals including 

cows as Bovine Spongiform Encephalopathy (BSE) or Mad Cow Disease, cervids as Chronic 

Wasting Disease, sheep as scrapie, and humans as genetic Creutzfeldt‐Jakob Disease (gCJD, 

Gerstmann–Sträussler–Scheinker (GSS), Fatal Familial Insomnia (FFI)), sporadic Creutzfeldt‐

Jakob Disease (sCJD), or variant Creutzfeldt‐Jakob Disease (vCJD). It has been shown that the 

presence of PrPC is necessary for neuropathology to develop, as evident from studies with mice 

devoid of PrPC that display resistance to prion disease and show no neuronal loss after 

inoculation 4 .  

Structurally, unlike native PrPC, which contains three α-helices and two β-sheets, PrPSc 

has a notable absence of α-helices and is comprised largely of β-sheets 5 . The increase in β-sheet 

content leads to the formation of amyloid structures that are partially resistant to proteinase K 

(PK) digestion. On immunoblot, three prominent bands are observed for both PrPC and PrPSc, 

based on different degrees of occupancy of the two N-linked glycosylation sites. After PK 

digestion, PrPC is not detectable and the three bands of PrPSc shift lower on the gel indicating the 

PK resistant core 6 .  

The Function & Interactome of the Prion Protein  

The normal physiological function of PrPC is unclear. At present, there are many different 

functions attributed to PrPC, including regulation of the immune system, copper binding and 

synaptic transmission, signal transduction, anti-apoptotic functions, as well as cell adhesion 7 . 

With these various proposed functions, there are a number of interactions of PrPC with other 

proteins/ligands through which PrPC can exert its effects 8-12 . In the immune system, PrPC is 
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widely expressed on haematopoietic stem cells and mature lymphoid cells and is upregulated 

upon T cell activation, however its role in T cell function is still not clear 13 . PrPC has also been 

shown to colocalize with the major histocompatibility complex class II (MHC class II) in 

monocyte-derived dendritic cells 13 . The synapse, PrPC is present in both pre- and post-synaptic 

structures, which would indicate plays a role in neuronal communication 14, 15 . Additionally, 

when nerve endings are depolarized they release copper into the synaptic cleft 16 , and since PrPC 

is known to be able to bind copper 17 , this further supports a functional role for PrPC in the 

synapse. It is possible that presynaptic PrPC could buffer copper levels in the synaptic cleft, 

which would protect synapses from reactive oxygen species (ROS) generated via redox 

reactions. Due to the concentration of copper in the synaptic cleft, PrPC may also play a role in 

calcium homeostasis through modulation of voltage-gated calcium channels (VGCC) 18, 19 . This 

ROS scavenging ability contributes to its anti-apoptotic nature, as increases in intracellular ROS 

levels have been linked to apoptosis 20 . PrPC has also been shown to play a role in cell adhesion. 

Experiments where formaldehyde was used to cross-link PrPC with other proteins showed that 

the N-terminal portion along with the first helix interacted with neural cell adhesion molecules 

(N-CAMs) 21 . 

PrPC has also been implicated in behaviour and memory. In Prnp0/0 mice with the null 

allele designated ZrchI, elimination of PrPC leads to an increase in locomotion when exploring 

novel environments 11 . These mice also showed an increased response to an antagonist of the 

NMDA receptor, MK-801, but normal responses to amphetamines and caffeine when compared 

to wild-type mice (WT) 22 . This may be due to the role PrPC plays in synaptic modulation, where 

it has been shown to interact with post-synaptic density 95 (PSD-95), inhibiting N-methyl-D-

aspartate (NMDA) receptors through which PSD-95 interacts 23, 24 . With respect to memory, 

there are at least two molecular interactions that can mediate the effects of PrPC on memory 

consolidation/retention, namely hop/stress inducible protein 1 (STI1) and laminin (LN)  25, 26 . 

Most interestingly, PrPC has interactions with proteins that have been implicated in other protein 

misfolding diseases, namely Alzheimer’s disease (AD) 27, 28 . Studies have shown that PrPC 

expression inhibits the cleavage of the amyloid precursor protein (APP) by the enzyme β-

secretase, thereby reducing the formation of β-amyloid which is a major contributor to senile 

plaques 29 .  
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Life Cycle of the Prion Protein 

 The human Prnp gene is located on the short arm of chromosome 20, contains two exons, 

and is highly conserved throughout mammals 30, 31 . The primary sequence for the prion protein is 

253 amino acids (in human, 254 in mice) and is post-translationally modified with amino- and 

carboxy- terminal signal peptides that aid it its transport to the cell surface 32 . A 

glycosylphosphatidylinositol (GPI) anchor attached to the carboxy terminus serves to anchor the 

protein to the cell membrane 33 . PrPC is widely expressed throughout the nervous system, 

although its ubiquity can vary among cell types and brain regions 11, 34 .  

When PrPC misfolds into PrPSc, either through spontaneous conversion or interaction with 

other misfolded PrPSc (acquired), it needs to be internalized via the endosome system and broken 

down to prevent further PrPC conversion. There are two main avenues that PrPSc can follow in 

order to be broken down, namely the ubiquitin-proteasome system (UPS) and the 

lysosomal/autophagic pathway.  The UPS is one of the major cellular protectors against 

misfolded proteins in mammals. In this system, misfolded prions are marked for proteasomal 

degradation by tagging with ubiquitin in a reaction that involves three main enzymes: ubiquitin 

activating enzymes (E1), ubiquitin conjugating enzymes (E2), and ubiquitin ligases (E3) 35, 36 . 

Once a protein is tagged, the multi-subunit barrel-shaped complex known as the proteasome can 

break it down 37 . When the UPS is impaired, autophagy (discussed later in the context of prion 

disease) is usually upregulated to facilitate the breakdown of the larger aggregates. 

 When both mechanisms fail to rid the cell of PrPSc, the proliferation of PrPSc overwhelms 

the cell and will eventually lead to neurodegeneration.  

Outside of spontaneous conversion of the prion protein, prion disease can be acquired. 

Prions are able to enter and infect host organisms via multiple routes including, but not limited 

to, the enteric system, the circulatory system, and the nervous system, however the replication of 

PrPSc can vary by strain. In the enteric system, prions are able to enter through the Peyer’s 

patches via exploitation of the enterocyte M-cells (Microfold cells), which continuously sample 

the intestinal lumen as a means of immunosurveillance 38 . After crossing the follicle-associated 

epithelium (FAE), prions spread. Some prion strains can also be efficiently transmitted through 

the blood or blood derivatives, as demonstrated in sheep that were infected with BSE and scrapie 
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via whole-blood transfusions 39 . Before invasion of the CNS, prions from diseases such as 

CWD, transmissible mink encephalopathy (TME), and natural scrapie tend to accumulate and 

replicate within secondary lymphoid organs (SLO); these diseases are designated as 

“lymphotropic” prion diseases 40, 41 . Other prion diseases, such as CJD or classical BSE, directly 

invade the CNS without having to be replicated peripherally 42 . These prion diseases are referred 

to as “neurotropic” 42 . 

Prion Strains 

Prion strains are defined much differently than those of viruses or bacteria. Bacterial or 

viral strains are genetic variants based on changes to their encapsulated genomic nucleic acids. 

Prion strains, on the other hand, are not solely defined by genetic means. Prion strains are prion 

isolates that, upon inoculation into genetically identical hosts, cause prion disease with 

consistently distinguishable characteristics 43 . These characteristics include incubation time, 

biochemical properties (western blot banding profiles and heat/chemical denaturing profiles), as 

well as pathological profile 44, 45 .  

Strains can occur within prion proteins of the same amino acid sequence. This is evident 

from studies showing how transmission of one particular prion strain (scrapie) can be transmitted 

to the same genetically identical host (C57/BL6 mice) and produce distinct disease phenotypes. 

These features remain even after serial passage within the same species 46 . For example, there is 

a wide range of verifiably different (rodent-adapted) scrapie strains that can arise in the same 

genetic host, such as RML, 22L, ME7, 22C, 87A, and 22A, among others 44 . This suggests that 

even with identical primary structures, the prion protein can misfold into different conformers, 

possibly with the aid of other cellular co-factors 47, 48 .  

The main parameter that allows for different prion strains to arise is the conformational 

structure that the prion protein adopts. This 3D structure can be influenced by polymorphisms in 

the Prnp gene. These polymorphisms can result in drastically different prion diseases or 

differences in susceptibility to prion disease. For example, in humans there is a polymorphism at 

codon 129, which can be either a methionine or a valine, resulting in three possibilities: MM, 

MV, or VV. Homo- or heterozygosity at this position determines not only susceptibility to prion 

disease, with MV heterozygosity being less susceptible to prion disease than MM or VV 
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homozygosity 49 , but it can also influence which prion disease arises in the presence of disease-

causing mutations within Prnp, such as codon 178.  The normal amino acid at codon 178 is an 

aspartic acid (D). If this codon is mutated to asparagine (N) in cis with methionine at codon 129, 

the resulting disease is fatal familial insomnia (FFI) 50 . However, if the codon at 129 is a valine, 

the disease is familial CJD 50 . Other mutations that can cause prion disease include, but are not 

limited to, E200K (gCJD) and P102L (GSS) 51 . In addition to mutations that cause disease, 

recently the mutation G127V has been found which confers resistance to prion disease 52 .  

The Species Barrier & Prion Cell Tropism 

Prion isolates from one species tend to be less infectious to other species, as evident by 

longer incubation times or the absence of the disease in these other species. This is referred to as 

the “species barrier” 53, 54 . This barrier is thought to be due to differences between the inoculum 

and the host prion protein sequence. For any given PrP sequence, there may be a preferred range 

of conformations that it can adopt. Depending on the conformation of PrPSc to which a given PrP 

sequence is exposed, it may not readily be converted. The species barrier can be so strong that 

certain hosts do not develop clinically defined prion disease in their lifetimes. It has been 

proposed that the main driving force behind the relative difficulty of prion transmission is the 

overlap, or lack of overlap, of permissible PrPSc conformations between PrP primary structures 

from the two species 54 . This scenario is known as the “cloud hypothesis,” which stipulates that 

in a given inoculum, there may be many different conformations of PrPSc and that one particular 

isoform may be favoured in one host, while another isoform may be favoured in a different host 

54 . This hypothesis can help explain how after serial passages in the same host, incubation 

periods tend to shorten. This trend is referred to as “strain adaptation.” Evidence strongly 

supports the hypothesis that the main factor in strain diversity is the structural conformation of 

PrPSc 55, 56 , but the mechanism responsible for strain-specific differences in neuropathology is 

still unknown.  

The presence or absence of PrPC is not the sole factor that will determine prion 

susceptibility. Certain cellular cofactors, such as polyanions and lipids, have been implicated in 

prion conversion, although the precise mechanism remains unclear 48 . Although both lipids and 

polyanions have an effect on prion propagation, polyanions do not seem to be necessary for prion 

infectivity 57 . In contrast, lipids not only influence propagation, they also have a significant 
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effect on prion infectivity, with purified prions re-incorporated into liposomes showing almost a 

hundred-fold increase in infectivity 58 . Additionally, cellular regulatory mechanisms, such as 

autophagy (covered in the following sections), can also have an effect on a cells susceptibility to 

prion infection.	

Prion diseases are associated with a set of histopathological features: spongiform 

vacuolation, neuronal loss, astrocytosis, and PrPSc deposition 59 . Vacuolation occurs within the 

cell body and neuronal processes, and can be found in various areas of the brain, depending on 

the prion strain in question 60-62 . In the rodent-adapted scrapie strains 139A, ME7, and 22L, 

differences in incubation periods and vacuolation were observed in wild-type mice after 

inoculations in different brain regions (cerebral cortex, caudate nucleus, thalamus, substantia 

nigra, and cerebellum) 63 . ME7 and 139A showed the same pattern of vacuolation regardless of 

the inoculation site, whereas 22L showed similar patterns in vacuolation in the cerebral cortex 

and thalamus, but showed more lesions in the cerebellum with little to no vacuolation in other 

areas 63 . Neuronal loss can be variable in severity and distribution, and tends to be the most 

severe in cases with prolonged clinical history 59 . Astrocytosis is also variable, but is sometimes 

the most prominent feature 64 . Astrocytosis generally parallels vacuolation and neuronal loss 65 . 

In addition to these features, PrPSc accumulates in the neuropil as diffuse plaques, but can 

occasionally be found in the soma of neurons 65 . This PrPSc deposition, which can be in the form 

of amyloid plaques, can present variably based on the prion strain 55 .  

Strain-specific differences in neuropathology can be attributed, in part, to the specific cell 

that is affected, as not all cell types are susceptible to prion infection. This is referred to as a 

prion strain’s cell tropism. The standard scrapie cell assay (SSCA) is designed to measure 

infectivity in different cell types and can demonstrate cell tropism, as certain cell lines are easily 

infectable, while others are not. RML and 22L are common prion strains used in the SSCA to 

determine infectivity, and have been shown to infect neuronal cells lines (N2a – mouse 

neuroblastoma, CAD5 – mouse catecholaminergic cells) and non-neuronal cell lines (C2C12 – 

mouse myotube, RK13 – rabbit kidney epithelial cells, L929 – mouse fibroblasts) 66 . Most cell 

lines, in general, are not permissive to prion infection or replication, and even those lines that are 

infectable may not necessarily be permissive to all strains 66 . For example, even though the N2a-

derived PK1 cells are susceptible to RML and 22L, they are resistant to ME7, 22A, and 301V 67 . 
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There are also chemical agents that can alter the composition of the prion “cloud”, allowing for 

certain isoforms of a given strain to be selected for that are more infectious. For example, 

Weissmann and colleagues used the chemotherapeutic drug swainsonine to artificially select for 

resistant prion substrains in PK1 cells 68, 69 . Swainsonine (swa), which potently inhibits the Golgi 

α-mannosidase II enzyme (involved in the processing of N-linked glycans), was shown to protect 

against RML infection while also inhibiting the replication of certain 22L prion substrains (swa-

sensitive - ~99% of the prion population) while remaining ineffective against other 22L prion 

substrains (swa-resistant - ~0.5% of the prion population), thereby selecting for a particular 

subtype of prions 68 .  

The basis for why certain cell types are susceptible to certain prion strains while resistant 

to others is not fully understood, but it can be attributed, in part, to a given cells regulatory 

functions and its interaction(s) with other cellular proteins.  

Cell Death 

Cell death is a prominent feature in neurodegenerative diseases. Based on morphology 

classification by Schweichel & Merker, there are three types of programmed cell death (PCD) 

that can be discriminated: apoptosis (Type I), autophagy (Type II), and cytoplasmic cell death 

(Type III) 70 . Apoptosis is characterized by chromatin condensation, cell shrinkage, plasma 

membrane blebbing, and fragmentation of the nucleus 20 . Morphologically, macroautophagy 

(hereafter referred to as autophagy) is characterized by autophagic vacuoles in the cytoplasm 

(double membrane structures used to house cargo destined for degradation), mitochondrial 

permeabilization, and enlargement of both the Golgi and endoplasmic reticulum (ER) 71 . 

Cytoplasmic cell death is similar to autophagy with the notable absence of lysosomal 

involvement, but is also characterized by swelling of sub-cellular organelles, leading to the 

formation of large empty spaces within the cytoplasm which fuse to the extracellular space, 

resulting finally in the disintegration of the cellular structures 71, 72 . Type III cell death is now 

more commonly referred to as necrosis 20 . Since the characterization of these main PCD types, 

many other types of specialized cell death have been described 73 .  

In addition to all the other cellular effects PrPC has, it also has a role(s) with respect to 

cell death. Evidence supports PrPC having functions that are anti-apoptotic, as it has been shown 
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to directly inhibit Bax-induced apoptosis 74, 75  and can also act, in tandem with other known 

signaling proteins such as B-cell lymphoma 2 (Bcl-2), as a cellular receptor for neuroprotective 

signals 75-77 . PrPSc is only toxic when neurons express GPI-anchored PrPC, as studies in which 

only other cell types expressing PrPC (oligodendrocytes) while neurons were devoid of PrPC 

showed intrinsic resistance to prion infection 78 . Additionally, it seems as though the GPI anchor 

plays a role in disease formation, as Chesebro and colleagues showed that scrapie infection of 

mice devoid of the GPI anchor resulted in an infectious amyloid-based disease without the 

clinical signs of scrapie 79 . There is, however, no conclusive evidence when it comes to whether 

neurons die of apoptosis in prion disease. Some labs find no evidence of apoptotic cell death in 

their studies of prion disease 80-82  while others readily find it 72, 83 . Autophagy is a highly 

conserved regulated process that cells use to rid themselves of misfolded proteins and other 

unwanted/unneeded cellular constituents. Since neurodegenerative diseases such as AD, PD, HD, 

and prion disease share a core component in pathology, namely the misfolding of a normal 

cellular protein, studying the role autophagy plays in these diseases is extremely important. Thus, 

research into the role autophagy plays in relation to prion pathogenesis has been a hot topic of 

study as of late 75, 84-86 . 

 Studies have shown autophagic vesicles in neurons in other protein misfolding diseases 

such as Alzheimer’s, Parkinson’s, and Huntington’s, all of which have been proposed as “prion” 

diseases 87 . In the context of prion disease, it has been shown that increasing autophagy can be 

beneficial in both cell and animal models 87, 88 . Autophagy is classically induced through 

starvation (as above), but can also be chemically induced with agents that work both in 

mammalian target of rapamycin (mTOR) dependent and independent manners 89, 90 . 

Interestingly, Ishibashi and colleagues used multiple prion strains (Chandler, 22L, Fukuoka-1) in 

one cell type (N2a) to show that modulating autophagy has varying results in clearance and 

associated PrPSc levels among different prion strains. The interesting caveat to this work is that 

the researchers only went forward and studied autophagic modulation in the N2a cells infected 

with Fukuoka-1, as the other two strains (Chandler & 22L) did not show much, if any, response 

to autophagic modulation 90 .  
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Hypothesis 

In prion diseases it has been shown that different strains present with different pathology 

in the brain. This difference in pathology is likely due to some characteristic of the cells in a 

given brain region, where certain cells are naturally more susceptible to certain prion strains than 

others. One of the features that all cells possess is the ability to undergo autophagy, and since it 

is clear that autophagy plays a role in most protein-misfolding diseases, including prion diseases, 

it is possible that the autophagic flux of a given cell is one of the factors that governs which areas 

of the brain will be affected by a given prion strain. 

With respect to the above, this study set out to answer two main questions: 

1. Does a cell’s basal level of autophagy influence its susceptibility to prion 

infection? 

2. Can variation in basal autophagy amongst cell types explain the different 

neuropathological profiles elicited by different prion strains? 

We postulate that basal autophagy is a determinant of prion infectibility. Given this, we 

predict that cell susceptibility, as defined by the ability of a given cell type/line to develop a 

consistent prion infection, correlates with basal autophagy. In addition, we predict that 

augmentation of autophagy will decrease cell susceptibility and inhibition of autophagy will 

increase cell susceptibility. 
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Methods 

Reagents 

 D-(+)-Trehalose was purchased from Fisher Scientific (Cat: BP2687-100). Wortmannin 

was also purchased from Fisher Scientific (Cat: W1628-1MG) and was dissolved in DMSO 

(Fisher Scientific Cat: BP321-1) at a stock solution of 2mM and stored at -20°C. Pefabloc 

proteinase inhibitor (Cat: 11429868001) and proteinase K (Cat: 25530-015) were both purchased 

through Fisher Scientific. Anti-PrP mouse monoclonal antibody (SAF83) was purchased from 

Bertin Pharm (Cat: A03207). Anti-LC3 polyclonal antibody was purchased from MBL (Cat: 

PM036). Anti-β-actin mouse monoclonal antibody was purchased through Sigma Aldrich (Cat: 

A5441). Cell culture media was obtained through Fisher Scientific.   

Cell Culture 

 The mouse fibroblast cell line L929 (American Tissue Culture Collection CCL-1) was 

maintained in Modified Essential Medium (MEM – with Earl’s salts, L-glutamine, and sodium 

bicarbonate) containing 10% heat inactivated fetal bovine serum (HI-FBS – Fisher Scientific 

Cat: 16140071) and 1% v/v of a stock solution of penicillin (10000units/mL)/streptomycin 

(10000µg/mL) (Fisher Scientific Cat: 15140-122) in a 5% CO2 atmosphere. The mouse 

neuroblastoma cell line N2a (American Tissue Culture Collection CCL-131) and the mouse 

catecholaminergic neuronal tumour cell line CAD5 (Cath.-a-differentiated)/CAD5-RML (a 

generous gift courtesy of Dr. Hermann Schätzl from the Hotchkiss Brain Institute, University of 

Calgary) were both maintained in Opti-MEM (+ HEPES, 2.6g/L sodium bicarbonate, and L-

glutamine) containing 10% FBS and 1% v/v penicillin/streptomycin stock in a 5% CO2 

atmosphere. All cell lines were maintained in a 75cm2 flask (Fisher Scientific Cat: 12556010) 

and were split (1:4) and passed when confluency was 85-95% (approx. every 3-4 days).  

De Novo Infections & Drug Treatment 

De novo infections were performed by adding 30µL of a 10% (w/v) Rocky Mountain 

Laboratory (RML) strain of mouse-adapted scrapie brain homogenate (BH) to 300µL of cells and 

700µL of cell culture media. After 15 minutes, another 1mL of culture media was added and 

cells were cultured for 3-4 days per passage. Confluent cells were washed twice in Dulbecco’s 
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Phosphate Buffered Solution (DPBS – Fisher Scientific Cat: 14190-144) and resuspended in 

2mL of DPBS. From this, 500µL of the resuspended cells were passed into 2mL of fresh media 

and the remaining 1.5mL was collected for analysis. Infectious BH was only used for the first 

passage and then normal media was supplemented for the remaining passages. Cells were cured 

of PrPSc material using pentosan polysulfate (PPS – gift from Dr. Debbie McKenzie, University 

of Alberta) at a concentration of 10µg/mL, supplemented in the media during each passage for 

seven (7) passages. Curing of cells was verified by digestion of samples with proteinase K (PK) 

and subsequent analysis by immunoblot for the presence of PrPSc material. 

Drug treatment of all the cell lines was performed in Corning 6-well sterile plates (Fisher 

Scientific Cat: 07-200-83) by adding 25mM (L929) or 100mM (CAD5-RML) of D-(+)-trehalose 

to the culture media for the duration of the passage (72hrs). Wortmannin was diluted from the 

stock concentration (above) and added to the culture media at final concentrations of 1µM or 

10µM for N2a/CAD5 or L929, respectively, for the duration of each passage (~72hrs). For 

treatments, cells were passed at a 1:4. 

Immunoblot Analysis 

 Confluent cells were washed twice in DPBS and then resuspended in 100µL of 

Radioimmunoprecipitation assay (RIPA) lysis buffer (150mM NaCl, 1% Triton X-100, 0.5% 

sodium deoxycholate, 0.1% SDS, 50mM Tris, pH 8.0). A Bicinchoninic Acid (BCA) Assay was 

used to determine protein concentration 91 . For PK treatment, an aliquot of the cell lysate (as 

determined by the BCA) was taken and digested with PK by incubating 20µg/mL for 1hr at 37°C 

and digestion was stopped by the addition of a proteinase inhibitor (1mM Pefabloc 92 ) and 

incubation at 4°C for 15 minutes. Sample buffer (62.5mM Tris-HCl; pH 6.8, 5% glycerol, 5% 

SDS (sodium dodecyl sulphate), 3mM EDTA, 0.02% bromophenol blue, 4% β-mercaptoethanol) 

was then added from a 5X stock to a final concentration of 1X. Samples were then boiled at 

100°C for 10 minutes and loaded into a precast NuPAGE (polyacrylamide gel electrophoresis) 4-

12% Bis-Tris gradient gel (Fisher Scientific Cat: NP0321BOX). Immunoblots were run in a 

Novex Mini-Cell apparatus with NuPAGE MES running buffer (Fisher Scientific Cat: NP0002) 

at 150V for 1hr. Gels were then transferred to a polyvinylidene fluoride (PVDF) membrane 

(Fisher Scientific Cat: IPFL00010) with transfer buffer (1.9M Glycine and 245mM Tris base) in 

a Novex XCELL II blot module at 30V for 1hr. Membranes were blocked overnight at 4°C with 
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nonfat skim milk (5%) diluted in Tris-buffered saline (TBST – 0.1% Tween 20, 50mM Tris, 

150mM NaCl; pH 7.8). Membranes were then probed by diluting the appropriate primary (1°) 

antibody in 5% nonfat skim milk at a 1:10000 (PrP and β-actin) or 1:5000 (LC3) at room 

temperature for 1hr. Membranes were then washed for 5 minutes three times with TBST, and 

then the appropriate alkaline phosphatase (AP) conjugated secondary (2°) (α-mouse (Promega 

Cat: PRS3721) for PrP and β-actin, α-rabbit (Fisher Scientific Cat: 31345) for LC3) diluted at 

1:10000 in 5% nonfat skim milk was added and incubated at room temperature for 1hr. 

Membranes were then washed with TBST three times for 5, 10, and 15 minutes. After washing, 

membranes were developed using the Attophos System (Fisher Scientific Cat: S1000) for 5 

minutes, then dried before imaging. 

Statistical Analysis 

 Quantification of immunoblot signals was done using the ImageQuant TL program 

(ImageQuant Analysis, Molecular Dynamics). Statistical analysis was done using the Prism 7 

software (Graphpad Software, San Diego, California). Statistical significance is noted by 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. LC3-II was measured relative to actin to 

determine autophagy levels. 
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Results  

Characterizing the Basal Autophagosome Formation & PrPC Expression of the Cell Lines 

Cells derived from different lineages can be distinguished by their variance in protein 

expression levels. Even within a given lineage, sister cells can have variable protein expression. 

For example, in the central nervous system (CNS), neurons commonly express the protein NeuN, 

with the exception of a few subtypes of neurons (Golgi cells, Purkinje cells, etc.), while 

astrocytes express glial fibrillary acidic protein (GFAP). Since each cell can express different 

proteins at different levels depending on many factors (pH, cell-cell interactions, etc.), it is 

probable that different cell types express different levels of PrPC. Furthermore, highly conserved 

metabolic processes, such as autophagy, may also vary in the degree of activity. Therefore, 

before the application of any pharmaceutical agent to modulate autophagy, it is necessary to 

establish the relative basal levels of autophagosome formation for each cell type.  

To do this, L929, CAD5, N2a cells were chosen in order to model PrPSc infectivity in 

different cell lineages known to be receptive to prion infection. Cells were grown in a 6-well 

plate for 72hrs and then collected and probed for the autophagy marker microtubule-associated 

protein 1 light chain 3 (LC3-I/II), as well as actin as a loading control. Upon autophagic 

activation, cytosolic LC3-I (~16-18 kDa) is converted into LC3-II (~14-16 kDa) and can serve as 

a means to monitor autophagy through autophagosome formation 93 . Figure 1a & 1b shows 

immunoblot levels and associated densitometric analysis of LC3-II and actin for L929, CAD5, 

and N2a cells, respectively. On average, L929 cells have the highest basal level of 

autophagosome formation followed by CAD5 cells, with N2a cells having the lowest amount of 

basal autophagosome formation.  

Since a supply of PrPC is obligatory for prion replication 4 , it is also important to 

establish basal levels of PrPC are in each of the various cell lines. When looking for PrPC on an 

immunoblot, the signal is manifest as ~25, ~30, and ~ 35 kDa species corresponding to the un-, 

mono-, and di-glycosylated forms, respectively. On average, CAD5 cells have the highest levels 

of PrPC relative to the other two cell lines, with L929 cells expressing significantly less PrPC 

compared to the two neuronal cell lines (Figure 1c & 1d). Other studies that have evaluated 

PrPC levels in L929 cells confirm the lower expression of PrPC in this cell line 94 . 
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Autophagy in Cells Under Chronic Prion Infection 

When cells are under stress, either from the accumulation of misfolded proteins as seen in  

prion infection or other cellular insults, they adjust their activities in order to cope. This is true 

for autophagy, especially in the case of protein misfolding diseases as this cellular housekeeping 

mechanism is one of the two main modes of riding the cell of misfolded proteins (the UPS being 

the other one). Thus, we predict that levels of autophagy under chronic prion infection should be 

increased in comparison to the basal autophagy levels.  

Chronically infected cells, specifically CAD5-RML, were grown in a manner similar to 

above, then the cells were harvested after 72hrs and probed for LC3, actin, and PrPSc with the 

associated densitometric analysis (Figure 2a). With respect to autophagosome formation, we 

expected that there would be an elevation in autophagosome formation indicative of an elevated 

autophagic state, however there was no significant difference in autophagy in CAD5-RML cells 

compared to uninfected CAD5 cells (Figure 2b).  

Attempting to Establish De Novo Infection in N2a & CAD5 Cells 

 Despite prion infection being persistent in some cell lines, establishing a new chronic 

infection in a cell line is not always a predictable process. To establish a chronic infection it 

takes many passages of the inoculated line and successive selection of the particular sub-clone(s) 

that carry the infection. It can take many months to establish a stable chronic infection.  

To demonstrate this, cultures of N2a and CAD5 cell lines were exposed to RML BH at 

passage 1 and passed six times, collecting an aliquot of cells every passage. By definition, 

chronic infection would be demonstrated by steady persistent PrPSc signal in successive 

passages. Immunoblot analyses for PrPSc levels in de novo infected N2a (Figure 3a) and CAD5 

(Figure 3c) cells were compared to an RML BH standard in order to determine relative protein 

quantities of PrPSc. Both cell lines showed a consistent reduction in PrPSc signal in a time-

dependent manner (Figures 3b & 3d). The data demonstrates that even in lines that can be 

chronically infected, establishing a persistent infection is not guaranteed.  
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Curing Prion Infection From Chronically Infected Cells 

It is known that there are different factors that contribute to cell susceptibility in prion 

infection, and one of these factors may be clonal variation, as cell to cell variations in expression 

of cell surface polyanion molecules or changes in membrane lipid content can influence prion 

propagation. Chronically infected cells may simply be a susceptible subclone of the parent cell 

line and variation between subclones of a given cell line, including relative PrPC levels, can be a 

contributing factor to the hindrance of establishing a chronic prion infection. However, given 

that chronically infected cells can be cured using pentosan polysulfate (PPS), it would be 

advantageous to do so and test the cured cells for susceptibility to a de novo infection, potentially 

eliminating confounding factors associated with clonal variation.  

To confirm that the CAD5 cells were cured, we compared an immunoblot of triplicate 

cured CAD5 samples with a CAD5-RML infected control and showed that the cured CAD5 cells 

had no detectable PrPSc signal after PK digestion. This indicated that PPS treatment cured the 

chronic infection (Figure 4a). Following this, cured CAD5 cells were re-inoculated with RML 

BH and passed six times to assess whether de novo infection could be established in cured cells. 

An aliquot was collected at each passage. Immunoblot analysis for PrPSc showed a decrease in 

PrPSc signal from P2 to undetectable levels at P6, similar to what was seen in control 

experiments of naïve CAD5 cells (above) (Figure 4b & 4d). Unlike the de novo infection 

experiments in naïve CAD5 cells, PrPSc levels in the cured CAD5 cell infection experiments 

were markedly lower in early passages. To determine a possible explanation for this, we 

compared PrPC levels in uninfected CAD5, cured CAD5, and CAD5-RML by immunoblot 

analysis. We found a significantly lower level of PrPC in the cured CAD5 cells compared to the 

uninfected CAD5 and CAD5-RML cell lines (Figure 4c & 4e). Other studies have reported that 

PPS can reduce the total amount of PrPC available for conversion 95. Therefore, the reduction in 

basal levels of PrPC may explain why the transmission of RML into the cured CAD5 cells 

resulted in a lower persistence of detectable PrPSc compared to naive CAD5 cells, despite the 

cured CAD5 cells having previously maintained a chronic prion infection.  
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Autophagy in L929 Cells Under De Novo Prion Infection 

Certain cell lines that can be infected with prions only maintain the infection for a short 

period of time. These cell lines are referred to as “acutely” infected cell lines, as the infection is 

cleared after a certain number of passages. Since it has been shown that autophagosome 

formation increases under prion infection, we predict that autophagosome formation increases 

over the course of a de novo infection in the L929 cell line. 

Cultures of L929 cells were inoculated with RML BH at passage 1 and cultured for 

72hrs, then split and passed for seven passages with each passage probed for LC3, actin, and 

PrPSc. The majority of de novo infected L929 experiments (7 of 11) showed an initial decrease in 

PrPSc signal from P2 until the signal was undetectable around P5 by immunoblot, followed by a 

re-emergence of the PrPSc signal in P6/7, albeit at lower signal levels than the original inoculum 

(Figure 5a & 5c). This recurrence of signal is indicative of a true de novo infection, and not an 

indication of the presence of residual inoculum. This reflects what is seen in vivo; animal models 

inoculated with infectious prion material show a significant reduction in detectable infectious 

prions as early as 24hrs post inoculation 96, 97 . The reasons for this observation in vivo are 

complex, and it may be that the absence of PrPSc only reflects an absence of PK-resistant prions; 

protease sensitive oligomers are infectious may persist during this period, allowing ongoing 

infection and later return of PK-resistant PrPSc. By contrast, in the remaining 4 of 11 

experiments, PrPSc signal did not return after P5 and the efficiency of the infection, as defined by 

the persistence of PrPSc signal in later passages, was lower than the experiments where PrPSc 

returned (Figure 5b & 5c).  

When monitoring autophagosome formation via changes in LC3-II/actin, an interesting 

pattern emerged in experiments where there was a re-emergence of PrPSc signal. Autophagosome 

formation was relatively low in P2 while PrPSc levels were still high, and then in subsequent 

passages, as autophagosome formation went up, PrPSc signal went down until it was 

undetectable. Upon clearance of PrPSc in P5, autophagosome formation was reduced and PrPSc 

began to re-emerge (P6/7). As the PrPSc signal returned, autophagosome formation began to 

increase once more (Figure 5d). For experiments where PrPSc signal did not return, there was a 

consistent elevation of autophagosome formation throughout the later passages (Figure 5d).  
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Autophagy Induction Using Trehalose Reduces PrPSc & Decreases Cell Susceptibility  

 Autophagy has been shown to be beneficial in the clearance of misfolded PrP 87 . Many 

studies induce autophagy in an mammalian target of rapamycin (mTOR)-dependent manner 

(usually rapamycin) in order to clear misfolded PrP. Researchers have also shown that 

autophagic induction through an mTOR-independent mechanism can have the same beneficial 

effect, not only in the context of prion disease, but for other protein misfolding diseases 98, 99 . 

Along with this beneficial effect of reducing PrPSc, induction of autophagy should also protect 

against prion infection and reduce a cell’s susceptibility to becoming infected. Since it is known 

that trehalose acts in an mTOR-independent manner and has been shown to be beneficial in prion 

infection in N2a cells 99 , we chose to investigate whether trehalose can also clear PrPSc in 

chronically infected CAD5 cells, and whether induction of autophagy can protect L929 cells 

against de novo prion infection.  

For L929 cells, 100mM of trehalose caused adverse effects and drastically effected cell 

viability evident by the severe reduction in cell growth rate/proliferation (data not shown). 

Experiments with 10 and 50mM trehalose were performed; 50mM significantly induced 

autophagy but had also had a negative effect on cell viability, while 10mM did not significantly 

induce autophagy, so 25mM of trehalose was chosen as an intermediate between the two 

concentrations as this concentration was effective in inducing autophagy to a level significantly 

higher than the control, while also having no observable negative effects on cell growth (Figure 

6a-c). To confirm that autophagic induction via trehalose was the cause for any reduction that 

may be seen in PrPSc and not simply because trehalose reduces the amount of available PrPC, an 

immunoblot was run of control L929 cells compared with the trehalose treated cells, and no 

significant difference in the levels of PrPC was found (Figure 6d). 

We then confirmed that the 100mM concentration of trehalose used in previous studies of 

N2a cells was efficient in the induction of autophagy (Figure 7a & 7c). Since both N2a and 

CAD5 cells are neuronally derived, we hypothesised that the same concentration of trehalose 

needed to induce autophagy in N2a cells would be sufficient for CAD5 cells, and this assumption 

was confirmed experimentally (Figure 7b & 7c). An immunoblot looking at PrPC levels 

indicated no significant difference in PrPC levels in CAD5 cells in the treated vs. untreated 

conditions (Figure 7d). However, in contrast to previous studies 99  which showed no significant 
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difference in PrPC levels in treated vs. untreated N2a cells, our experiments showed a significant 

difference, where there was more PrPC in the treated cells and less in the untreated cells (Figure 

7d). If anything, this increase in PrPC levels in treated N2a cells could potentially negate the 

effects of trehalose by providing more substrate for conversion while autophagy induction is 

trying to clear newly formed PrPSc. 

After determining the appropriate experimental concentrations of trehalose, cultures of 

L929 cells infected with RML BH at passage 1 and chronically infected CAD5-RML cells were 

subjected to the aforementioned concentrations of trehalose for longer durations to determine 

whether long-term treatment could reduce PrPSc levels in a time-dependent manner (3 passages 

for CAD5-RML, 7 passages for L929). Persistent trehalose treatment in the chronically infected 

CAD5-RML cells caused a significant reduction in PrPSc signal over the course of just three 

passages (Figure 8a & 8b). Quantification revealed that long-term treatment of L929 cells with 

trehalose eliminated the return of the PrPSc signal in P6/7 seen in control infected L929 cells, 

indicating that the induction of autophagosome formation increased the cells’ resistance to the 

recurrent prion infection (Figure 8c & 8d).  

Taken together, these results suggest that activation of mTOR-independent autophagy via 

trehalose leads to a time-dependent reduction of PrPSc in chronically infected cells and a 

reduction in the susceptibility of de novo infected L929 cells to prion infection as indicative of 

the elimination of the return of the PrPSc signal in P6/7. This is consistent with our hypothesis 

that increasing autophagy can reduce cell susceptibility to prion infection. 

Autophagy Inhibition Using Wortmannin Increases Cell Susceptibility to Prion Infection In 

Neuronal Cell Lines  

 We have thus far demonstrated that chronic prion infection of N2a and CAD5 cells is 

difficult to establish, and that inducing autophagy can make cells less susceptible to de novo 

prion infection (L929), as well as help in the clearance of PrPSc in a chronic prion infection 

paradigm (CAD5-RML). Thus, if increased autophagy can reduce a given cell’s susceptibility to 

prion infection, then reduction of autophagy via an autophagic inhibitor should increase a cell’s 

susceptibility to prion infection, enhancing a de novo infection process. There are many 

chemicals that can inhibit autophagy, acting at different portions of the autophagic pathway 100 . 
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For this experiment, we originally chose 3-methyladenine (3-MA), a PI3K inhibitor, to inhibit 

autophagy. However, recent studies have shown that in the presence of serum, 3-MA induces 

autophagy, having the opposite intended effect 90 . We then used another PI3K inhibitor, 

wortmannin, which can reliably and irreversibly inhibit autophagy in the presence of serum.  

To determine the necessary experimental concentrations of wortmannin needed to reduce 

autophagic levels significantly, N2a, CAD5, and L929 cells were cultured either in the presence 

or absence of wortmannin at either 1µM or 10µM for 72hrs. 1µM was sufficient to inhibit 

autophagy significantly in the two neuronal cell lines (N2a & CAD5), while 10µM was 

necessary to inhibit autophagy in L929 cells (Figure 9a-d). PrPC was also monitored to 

determine if treatment with wortmannin alters the amount of PrPC. Immunoblot analysis revealed 

that there was no significant difference in PrPC levels in N2a cells, but in the CAD5 cell line the 

10µM concentration significantly reduced PrPC levels, which would confound any findings by 

artificially reducing the amount of PrPC available for conversion (Figure 9e). Additionally, 

treatment with wortmannin at the experimental concentration of 10µM caused a significant 

increase in PrPC levels in L929 cells (Figure 9e). If this increase in PrPC were to affect the 

experiment, we would expect that an increase in substrate available for conversion would make 

infections of these cells easier than untreated L929 cells. 

Cultures of N2a, CAD5, and L929 cells were then exposed to RML BH at passage 1 and 

passed seven times, collecting aliquots at each passage. Only 1 of 6 N2a infection experiments 

showed PrPSc signal past P5 (Figure 10a & 10c) in contrast to 5 of 6 infection experiments that 

lost detectable PrPSc signal after P5 (Figure 10b & 10c), similar to the pattern seen in untreated 

N2a cell infection experiments. When LC3-II levels were examined in relation to actin they 

showed that for the one experiment where PrPSc signal returned after P5, there was a decrease in 

autophagosome formation between P2 and P3, while experiments where PrPSc signal did not 

return showed a consistent autophagosome formation between P2 and P3 (Figure 10d). From P4 

onward, all 6 experiments followed the same pattern of relative autophagosome formation.  

CAD5 cells exposed to RML BH at passage 1 demonstrated, in 4 of 9 experiments, a 

return of PrPSc signal after P5 (Figure 11a & 11c). In contrast, 5 of 9 experiments had a loss of 

PrPSc signal after P5 (Figure 11b & 11c), similar to the pattern seen in untreated CAD5 cell 

infection experiments. LC3-II levels in relation to actin showed that when PrPSc signal returned 
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after P5, there was a relatively stable autophagosome production in P2-P4 when compared to the 

experiments where PrPSc signal was lost after P5, in which there was a slight gradual elevation in 

autophagosome formation from P2-P4 (Figure 11d).  

When L929 cells were treated long-term with wortmannin, 9 of 9 experiments showed no 

PrPSc signal (Figure 12a & 12b), in contrast to untreated L929 experiments (above) in which 7 

of 11 returned with positive PrPSc signal. When LC3-II levels in relation to actin were examined, 

there was a decrease in autophagosome formation between P2 and P3, followed by a gradual 

increase in autophagosome formation from P3 to P6 (Figure 12a & 12c).  
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Discussion  

 The incidence of neurodegenerative diseases increases with age. Due to an increase in the 

lifespan in industrialized societies, neurodegenerative diseases are becoming more and more 

common. As people age, normal cellular process such as autophagy start to become 

dysfunctional and can lead to an increase in tissue degeneration in the CNS and throughout the 

body 101 . Many studies have supported autophagy as a key mechanism for clearance of 

aggregated misfolded proteins implicated in many of these diseases, including huntingtin 

(Huntington’s disease), α-synuclein (Parkinson’s disease), amyloid-β and tau (Alzheimer’s 

disease), and of course, PrP (Prion disease(s)), and therefore autophagic impairment may lead to 

an increase in the prevalence of these neurodegenerative diseases as people age 71, 102 .  

In the context of prion disease, it has been demonstrated in previous studies that different 

prion strains present with varying spongiform/neuropathological profiles, which can be 

explained, at least in part, by the different cells types present 59, 103 . Different cell types possess 

different characteristics, from cell morphology to protein expression levels, and these differences 

can contribute to a given cell’s susceptibility to infection from any type of agent, including 

prions. Therefore, it is important to determine which cellular processes(s) contribute to their 

relative susceptibility to infection from prions. This study focused on autophagy, aiming to 

determine the differences in basal autophagy levels between cell lines and whether this plays a 

role in prion susceptibility. Additionally, this study tried to determine if it is possible to alter cell 

susceptibility to prion infection through modulation of autophagy.  

Methods for Monitoring Autophagy & Comparing the Basal Autophagy Levels Between Different 

Cell Lines 

Autophagy is an evolutionary conserved mechanism from yeast to mammals that aids the 

cell in the reduction and clearance of unwanted cellular organelles, cellular debris, and misfolded 

proteins. The autophagic process has a lot of crosstalk with other cellular mechanisms relating to 

homeostasis (UPS) and programmed cell death (apoptosis) and many of the proteins involved 

with initiation and/or execution of autophagy play roles in these other pathways 71, 72, 104 . In 

addition, autophagy has been shown to be a major pathway for many misfolded proteins 
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associated with neurodegenerative diseases 105 . Therefore, the proper monitoring of autophagy 

requires careful selection of cell markers.  

The most common autophagic marker, and the one used to monitor autophagy in this 

study, is LC3. LC3 undergoes post-translational modification by cleavage of the C-terminal 

resulting in the cytosolic LC3-I form. LC3-I is then conjugated to phosphatidylethanolamine 

(PE) by Atg7 (E1 ubiquitin-activating enzyme-like) and Atg3 (E2 ubiquitin-conjugating enzyme-

like) to create the autophagosome associated LC3-II 106 .  Its primary purpose in autophagy is to 

mediate membrane tethering and expansion and eventual closure of the phagophore, resulting in 

the formation of the autophagosome 107 . Since LC3-II remains associated with the 

autophagosome, both on the interior and cytoplasmic surfaces, LC3-II correlates with the number 

of autophagosomes 106 . When measuring LC3 levels, a good correlation of the levels of 

autophagosome formation is to take the relative amount of LC3-II and compare it to a protein 

that remains unchanged, like actin. A larger ratio of LC3-II/actin is indicative of a higher rate of 

autophagosome formation, and likely a higher rate of autophagic flux 108 . Other studies have 

monitored relative levels of proteins that are upstream of LC3, such as Beclin-1 (an orthologue 

of the yeast Atg6), mTOR activity, and phosphorylation of serine/threonine protein kinase 

(ULK1), among others 108 . The issue with some of these proteins with respect to autophagic 

monitoring is that they are either involved in other cellular processes related to cell death and/or 

they aren’t involved at all under certain autophagic conditions. For example, autophagy can 

proceed independent of mTOR, as seen with the chemical agonist trehalose 99 . Beclin-1 interacts 

with several cofactors involved in autophagy (Ambra1, PINK, Atg14L, etc.) but also has a BH3 

domain that is bound to, and inhibited by, the anti-apoptotic protein Bcl-2, which can be 

disrupted by phosphorylation of Bcl-2 or ubiquitination of Beclin-1 109 . 

Given that different cell types exist to perform different functions, it follows that they 

may differ in the repertoire and levels of expression of proteins relevant to neurpathogenesis. 

Morphologically, L929 cells are an adherent cell line derived from subcutaneous connective 

tissue of mice that have fibroblast-like shape 110  (flat, large, and elongated (spindle-

shaped) cells possessing processes extending out from the ends of the cell body). N2a and CAD5 

cells are both adherent cells derived from tumours, with N2a cells coming from a murine 

neuroblastoma and the CAD5 cells originating from murine catecholamingeric neuronal 
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tumours. Despite both cell lines being neuronally derived and expressing neuronal properties, 

they differ in many respects. For instance, N2a is an immortalized cell line possessing classic 

neuromorphology (dendrites and axons), while CAD5 cells lack neuronal morphology 111 . In 

addition, N2a cells are strongly adherent to cell culture flasks, requiring the use of trypsin to lyse 

their adherence molecules, whereas CAD5 cells only require moderate fluid force to detach them 

from cell culture plates (observations from this study). It is important to note that for 

experimental procedures, cells were removed from the plate with a cell scraper and not trypsin, 

as trypsin strips surface proteins, including PrPC, and could lead to an underestimation of how 

much PrPC is actually present. Finally, under serum rich conditions CAD5 cells remain 

undifferentiated, where upon serum starvation they differentiate, whereas N2a are fully 

differentiated 111 .  

Figure 1 outlines the basal levels of autophagy and PrPC expression. L929 cells have a 

higher basal level of autophagy compared to the neuronal-based cell lines. This elevated basal 

autophagy in relation to the two neuronal cell lines tested may contribute to the L929 cells’ low 

susceptibility to de novo infection. There is also a difference in basal autophagosome formation 

between N2a and CAD5 cells in this study, with CAD5 cells, on average, having a higher level 

of basal autophagosome formation in relation to N2a cells. With respect to PrPC levels, L929 

cells have significantly less PrPC than the two other lines on average, and this significant 

reduction in PrPC may also contribute to the relative difficulty in establishing an infection.  

Changes in Autophagy After Prion Infection 

Cells undergoing prion infection, whether de novo or chronic, experience stress from a 

build-up of misfolded PrP. Misfolded PrP can be present in the cytosol, however the majority of 

PrPSc is found on the surface of the plasma membrane and in vesicles associated with the endo-

lysosomal system, the Golgi and trans Golgi network, and the autophagic pathway 112-114 . The 

increase in the presence of misfolded proteins will cause an upregulation of intracellular 

mechanisms, namely the ER-associated degradation pathway (ERAD), UPS, and autophagy, to 

rid the cell of these insults. The UPS is responsible for the breakdown of over 80% of abnormal 

intracellular proteins 115, 116 . However, this process of proteasomal degradation can be restricted 

to smaller oligomeric forms of PrPSc that can fit into the barrel of the catalytic chamber of the 

proteasome (entrance can be as narrow as 13Å), whereas larger, more insoluble aggregates may 
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not have access, impairing the UPS and preventing the effective breakdown of misfolded 

proteins 117 . Misfolded PrP in the oligomeric form is known to interact with the proteasome and 

impair the function of the catalytic β-subunits of the 20S proteasome 118 . Other studies have 

shown that β-sheet rich PrP can reduce gate opening of the proteasome and inhibit substrate 

entry 119 . The immediate consequence of ERAD/UPS inhibition is an increased burden on the 

autophagic system, as studies have shown that impairment of the ERAD/UPS induces an 

upregulation of autophagy as a compensatory mechanism 120 . 

In this study, the data demonstrates that cellular levels of autophagosome formation, on 

average, do not increase under de novo prion infection when compared to basal levels, and in 

some cases may be lower than uninfected controls. This is in contrast to what is observed in 

other studies, which show an overall increase in autophagosome formation 121 . Additionally, we 

found that the autophagosome formation rate was relatively similar in chronic infected cell line 

(CAD5-RML) compared to the uninfected cells (Figure 2). However, if we compare the change 

in autophagy over time in de novo L929 infections, there was a significant difference in 

autophagosome formation between early (P2-4) and late (P5-7) passages, and the pattern of 

change in autophagy rates depended on whether there was a return in PrPSc signal in late 

passages (positive) or not (negative).  

In de novo prion infection, there is an increase in protein burden on the cell, which can be 

predicted to overwhelm the ERAD/UPS causing early impairment 122 , which likely triggers an 

increase in autophagy. This is in fact what we saw in the de novo L929 infections (Figure 5); 

PrPSc signal initially declined in P2-3 without an associated change in autophagy, suggesting that 

other clearance mechanisms were in play, or conversion was inefficient. However, the majority 

of de novo L929 infection experiments saw a return of PrPSc signal in later passages, which 

excludes the possibility of inefficient conversion. Therefore, this “lag time” between a decline in 

PrPSc signal and an increase in autophagosome formation suggests that initially the cell 

employed other means of clearance, likely the ERAD/UPS. As PrPSc signal continued to decline 

in the first 4 passages, autophagosome formation actually increased until P4, where the increase 

in the rate of autophagosome formation was significantly elevated from the rate observed in P2. 

In P5 when PrPSc signal was undetectable by immunoblot, autophagosome formation was still 

significantly higher than in P2 but then started to decline in relation to P4, indicating a reduction 
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in autophagy. By P6, the rate of autophagosome formation was no longer significantly different 

from the levels of formation in P2. This reduction in autophagosome formation may have been 

enough to allow some PrPSc to escape complete clearance, allowing for the re-emergence of the 

infection. In P7 the autophagosome formation increased once again, but with a reduction in lag 

time between PrPSc formation and autophagosome production than that seen after the initial 

inoculation. This elimination of lag time in relation to increasing PrPSc signal suggests that the 

UPS was still dysfunctional, indicating that the amount of misfolded PrP present was still able to 

inhibit the UPS, even if the PrPSc signal was undetectable by immunoblot.  

In contrast, experiments with L929 cells where PrPSc signal did not return in late 

passages, autophagosome formation remained elevated (in relation to P2) significantly in late 

passages, following presumed UPS impairment. These results suggest that upon prion infection, 

there is a tipping point in the course of infection where autophagy becomes a more important 

regulatory mechanism than the UPS with respect to combating prion infection due to the ability 

of misfolded PrP to inhibit UPS function. Additionally, decreasing autophagosome formation, 

even briefly, can allow for the re-emergence of infection, but sustained elevation of 

autophagosome formation in late passages relative to early passages allows for a more complete 

clearance of PrPSc, which prevents the establishment of a de novo infection in de novo infected 

L929 cells. This supports our initial hypothesis that an upregulation of autophagy in early 

passages can help clear cells of misfolded PrP and that sustaining an elevated autophagic state 

can inhibit the return of misfolded PrP in late passages. 

Barriers to Prion Infection and the Creation of Chronically Infected Cell Lines 

 Despite the insidious nature of prion diseases, establishing prion infection in any 

particular cell line is no easy task. There are many different factors that contribute to a cell’s 

susceptibility to prion infection, including the focus of this study, autophagy. Different aspects of 

PrPC itself can affect the degree of prion susceptibility, including the tertiary structure and 

relative levels of expression. As mentioned above, the absence of PrPC confers complete 

resistance to prion infection4. In addition, according to the cloud hypothesis proposed by 

Collinge and colleagues, transmission between and within species is largely dependent on the 

shape the misfolded PrP 54 . Due to these limitations, most of the cell lines derived from mice are 

only susceptible to prions that are murine-based, however there are recent adaptions to allow for 
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expression and susceptibility to cervid prion diseases 66, 123-125 . Currently there are no chronically 

infected cell lines that can replicate BSE or CJD material without first being adapted to mice; for 

one reported instance of a human-derived neuroblastoma cell line propagating CJD prions the 

cell line proved unstable and has subsequently been lost 126, 127 . 

 The reasoning behind the variation in susceptibility to different prion strains by different 

cell lines is unclear, but has to do with a balance between conversion, degradation, state of 

differentiation, and cell division 128 . When a cell line possesses a high rate of cell 

growth/division and/or elevated basal autophagy levels in compared to other cell lines, the 

growth rate will outpace the replication of misfolded PrP, and persistent infection is usually lost 

after continuous passages 129, 130 . In addition, changes in culture media composition and 

conditions can also have a drastic effect on prion replication 67 . These aspects also apply to 

chronically infected cell lines, but there are other issues from which certain neuronally derived 

chronic cell lines suffer. The main neuronal cell line used in prion infection assays is the N2a cell 

line, due to its susceptibility to a variety of prion strains 66, 67, 129 . CAD5 cells are also quite 

susceptible to a wide variety of prion strains. As mentioned, both cell lines have neuronal 

characteristics and are tumour derived, allowing for consistent growth and division, however 

there are negative consequences to this. Due to the nature of tumours, most tumour lines suffer 

from genetic instability 131 . The N2a cell line suffers from severe chromosomal instability, 

where chromosomal number can vary from as low as 59 to as high as 193 and this genetic 

instability can cause variation in PrPC/PrPSc levels, making it difficult to interpret results 132 . 

This instability can also cause spontaneous loss of prion infection in chronically infected cells. 

For these reasons, it can be extremely difficult to establish a chronic prion infection.  

 In this study, establishment of a chronic prion infection was attempted in naive N2a and 

CAD5 cells, as well as CAD5 cells that were cured of a chronic prion infection. When inoculated 

with prions at P1, N2a and CAD5 cells failed to maintain the infection past P5, demonstrating 

how difficult it is to create chronically infected cells (Figure 3). In direct opposition to our initial 

hypothesis, none of the de novo infection experiments in N2a or CAD5 cells were positive for 

PrPSc material in late passages, while more than half of the L929 de novo infection experiments 

had positive PrPSc in late passages (above section), despite L929 having the highest relative 

levels of autophagy. 
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In order to create a chronic line, infection is done in a similar way to this study, but cells 

are selected for passage based on the degree of susceptibility to prions. The majority of cells in 

any given culture will be resistant to prion infection, but a subset (<1%) of the population will 

have genomic variations that render these particular cells more permissive to prion infection 133-

135 . These cells are then selected from the general population and passed until the culture is 

comprised of a specific clonal variant of the original population that has the ability to maintain a 

stable and persistent infection 136 .  

 When a cell line becomes persistently infected with prions, some chemicals that have 

been shown to have anti-prion activity can cure these cells of the chronic infection. One of these 

is pentosan polysulfate (PPS) and it functions by stabilizing PrPC and inhibiting conversion into 

PrPSc 137 . We used PPS to cure persistently infected CAD5-RML cells of the RML infection, 

referred to as cured CAD5. The rationale was to cure the cell line and attempt to re-infect this 

line with the same agent, which would remove the variable of clonal differences that may exist 

between the persistently infected CAD5-RML cell line and the naïve CAD5 cell line. 

Surprisingly, we found that re-infection of these cured CAD5 cells was less efficient than de 

novo infection of naïve CAD5 cells (Figure 4). This is in contrast to other studies that report that 

SMB cells cured with PPS were able to be re-infected with either the same inoculum or even 

different prion strains 138 . As revealed by immunoblot, we showed that cured CAD5 cells had 

less PrPC than either the naïve CAD5 cells or the persistently infected CAD5-RML cells. Since 

PrPC is necessary for PrPSc conversion, the reduction in PrPC could explanation the relative 

difficulty in re-establishing the chronic infection. In addition, since the RML inoculum used in 

this study was from a different batch used to establish the initial chronic infection, it is also 

possible that infectious material per unit of volume is a relevant operational variable. 

Induction of Autophagy: the Effect on Cell Susceptibility & Cellular Levels of PrPSc 

 There are many studies that show that inducing autophagy can be beneficial in the 

clearance of PrPSc, not only in cell culture, but also in animal models of prion disease 90, 99, 139-141 

. These studies used a variety of chemical inducers, from rapamycin to lithium to trehalose. In 

this study, rapamycin was originally chosen to induce autophagy, but after many experiments it 

was clear that rapamycin was not ideal. The rationale for selecting a different drug was three-

fold: 1) rapamycin acts only on mTORC1 and has very little effect on mTORC2, which may 
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confound interpreting results because inhibiting mTORC1 can activate mTORC2 142 , 2) 

mTORC2 plays a large role in cancer 142 , and 3) the efficacy of rapamycin varied significantly 

between and within experiments and the results were not consistently replicable (data not 

shown). Additionally, experiments show that neurons may differ from other cells in both mTOR-

dependent and mTOR-independent modes of autophagy 143 . Trehalose, an mTOR-independent 

chemical agonist of autophagy, was then chosen because of its proven efficacy and potency of 

autophagic induction in the N2a cell line 99 . Trehalose increases autophagic flux by inducing a 

starvation-like state independent of nutrient intake 144 . Studies indicate that trehalose induces 

this state by inhibiting glucose transporters (GLUT1, GLUT2, GLUT3, GLUT4, and GLUT8) at 

the plasma membrane, resulting in AMPK activation and subsequent phosphorylation of ULK1 

145 . There are confounding factors when using trehalose, as it has been shown that it does not 

readily cross the cell membrane, but enters the cell via endo/pino-cytosis 98 . This can hinder its 

efficacy if these cellular transport mechanisms are impaired in the cell line under investigation. 

In addition, work by Béranger and colleagues suggest that trehalose can also prevent formation 

of de novo PrPSc aggregates, but does not dissociate existing aggregates 146 . It has been proposed 

that the mechanism by which trehalose reduces aggregation is by isolating water molecules in the 

layer surrounding the protein, preventing hydrophobic regions from burying themselves in the 

protein structure 146, 147 .  

Previous studies in cell culture have shown that 100mM of trehalose significantly induces 

autophagy, can significantly reduce PrPSc levels at 48, 72, and 96h time points, and has no effect 

on cellular levels of PrPC  99 . At this concentration there is no significant difference in cell 

viability as determined by trypan blue exclusion assay 99 . In addition, trehalose is added directly 

to the culture media as a powder, and is stable in solution for up to a month. This study 

replicated these parameters and found the same results in N2a cells with respect to the change in 

autophagy and stability of PrPC levels. However, when using the chronic RML infected N2a line 

(ScN2a) in this study, there were large fluctuations in PrPSc levels from passage to passage, 

making results difficult to interpret. Therefore, we excluded using the ScN2a cell line from 

further experiments. 

Both N2a and CAD5 cells are tumour cell lines derived from neuronal origin, can be 

chronically infected, and might therefore have similar reactions to chemical agents. Using the 
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100mM concentration of trehalose in CAD5 cells confirmed this, as there was a significant 

increase in autophagy with no adverse effects on PrPC levels or cell viability (Figure 7). In 

previous studies, ScN2a treated with 100mM trehalose for up to 14 days resulted in reduction of 

PrPSc signal to an undetectable level via immunoblot. In this study, a similar trend of PrPSc signal 

elimination was observed when persistently infected CAD5-RML cells were treated for 3 

passages (equivalent to 12 day - 4 days/passage). PrPSc levels were relatively equivalent after 

96hrs (passage 1) in the presence of trehalose in relation to controls, and only significantly 

differed in P2 and P3. Interestingly, there was some variation within each passage in the control 

CAD5-RML cells, but the presence of trehalose decreased this variation in PrPSc signal (Figure 

8a & 8b). 

There are limited reported studies for L929 cells treated with trehalose and the majority 

of these centre on using trehalose as a method for cryopreservation and protection against 

electrotransfection 148, 149 . To our knowledge, this study is the first to use trehalose as a means to 

clear misfolded PrP from L929 cells. L929, unlike N2a and CAD5 cells, are not neuronally 

derived and divide rapidly. In the absence of trehalose, when L929 cells were inoculated with 

prion infected brain homogenate at first passage, they showed a progressive clearance of the 

prion material over the course of the early passages to the point where the PrPSc signal was 

essentially undetectable by immunoblot (Figure 8c & 8d). However, the signal returned in late 

passages, indicating a bona fide prion infection. Induction of autophagy in L929 cells required a 

much lower concentration of trehalose (25mM vs. 100mM for CAD5/N2a), and this may be due 

to L929 having a higher level of basal autophagy, indicating that this cell line may be more 

sensitive to autophagic augmentation (Figure 6). When cells were inoculated and passed in the 

presence of trehalose, there was a noticeable decrease in PrPSc signal in late passages relative to 

the control cells. This data demonstrates that consistent and prolonged induction of autophagy 

can be beneficial in L929 cells, and to a certain extent, can protect these cells from the re-

emergence of PrPSc signal seen in the late passages of untreated control L929 infection 

experiments (as described above). These results support our hypothesis that prolonged induction 

of autophagy can reduce a cell’s susceptibility to prion infection. 
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Inhibition of Autophagy: the Effect on the Cell Susceptibility and Cellular Levels of PrPSc 

 In contrast to induction of autophagy, inhibition should have the opposite effect. Given 

the importance of autophagy to cell development, it is not possible to completely eliminate this 

process from living animals; attempts to do so have proven to be embryonically lethal 150, 151 . It 

is possible to knock out genes related to autophagy in neural specific tissue, but these mice 

develop progressive motor defects and neurodegeneration 152 . To date, there are many chemical 

inhibitors of autophagy but the majority focus on two steps in the autophagic process – 

autophagosome formation and the lysosome 100 . Since this study focuses on LC3, which is 

indicative of autophagosome formation, we chose a chemical that blocks autophagosome 

formation (as opposed to lysosome function/fusion). The majority of autophagic inhibitors that 

block autophagosome formation do so through inhibition of class III phosphoinositide 3-kinase 

(PI3K). The main three PI3K inhibitors used in research are 3-methyladenine (3-MA), 

wortmannin, and LY294002. 3-MA was the first inhibitor to be identified and is the most 

ubiquitously used in research 153 . In the context of this study, 3-MA is not a suitable inhibitor 

due to having opposite effects depending on the presence of serum in the media, where an 

absence of serum allows for 3-MA to function as intended, however under serum rich conditions 

3-MA induces rather than inhibits autophagy 90, 154 . 3-MA has been shown to persistently block 

class I PI3K (inhibitor of autophagy) and has transient effects on class III PI3K (activator of 

autophagy), while wortmannin persistently inhibits class III in a irreversible manner 154, 155 . 

Since wortmannin reliably inhibits autophagy, it was selected as the chemical inhibitor.  

 The three cell lines were treated with either 1µM or 10µM wortmannin for the duration of 

each passage (72hr) supplemented in the culture media (Figure 9). Interestingly, the 

concentrations needed for trehalose to induce autophagy in a cell line were inversely correlated 

to the concentrations needed to inhibit autophagy, with N2a/CAD5 cells needing more trehalose 

to induce autophagy than L929 (100mM vs. 25mM), but L929 needed more wortmannin to 

inhibit autophagy than N2a/CAD5 cells (10µM vs. 1µM). This correlation is possibly attributed 

to the basal level of autophagy that these cell lines possess; L929 cells have a high level of basal 

autophagy and therefore require less agonist to induce it and more antagonist to inhibit it, while 

N2a/CAD5 have relatively lower levels of basal autophagy and need more agonist to induce and 

less to inhibit.  
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In this study, we inoculated the three cell lines in a manner similar to previous 

experiments, and cultured them in the present of wortmannin over 7 passages. When we looked 

at the relative susceptibility to prion infection, as measured by the level and presence of PrPSc, 

we noted some interesting observations. First, for N2a cells infected in the presence of 

wortmannin, we observed 1 of 6 experiments return positive for PrPSc signal in late passages, 

compared to 0 of 6 experiments without wortmannin. Additionally, in CAD5 experiments 

supplemented with wortmannin, 4 of 9 experiments return positive for PrPSc signal in late 

passages, compared to 0 of 6 experiments without treatment. L929 cells supplemented with 

wortmannin resulted in 0 of 9 experiments returning positive for PrPSc signal in late passages, in 

contrast to 7 of 11 experiments without treatment. N2a and CAD5 experiments matched what we 

predicted; culturing cells in the presence of wortmannin after exposure to RML BH rendered 

them more susceptible to prion infection. Treatment of L929 cells with wortmannin, however, 

resulted in the exact opposite of what we predicted, rendering L929 less susceptible to prion 

infection compared to untreated controls. 

Looking at the relative levels of LC3-II in relation to actin in N2a and CAD5 cells, there 

was no significant change in the ratios in experiments where PrPSc signal returned in late 

passages compared to experiments where PrPSc signal did not return in late passages. However, 

the change in autophagy levels over serial passages had different patterns in the positive and 

negative groups.  

In the N2a experiments (Figure 10), there was one positive for PrPSc in late passages and 

this showed a decline in autophagosome formation in early passages (specifically between P2-

P3). In contrast, the remaining experiments that were negative for PrPSc in late passages had no 

significant change in early passages, but instead, showed a significant reduction in 

autophagosome formation in late passages. This is possibly due to the relative stability of 

autophagosome formation in early passages, which may have been sufficient enough to clear the 

majority of PrPSc, so any reduction in autophagosome formation in late passages had a negligible 

effect on the return of PrPSc signal.  

In the CAD5 groups (Figure 11), the 4 experiments that came back positive for PrPSc in 

late passages showed a steady state of autophagosome formation, only differing significantly in 

late passages (P6), where there was an increase in autophagosome formation. In contrast, the 5 
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experiments that came back negative for PrPSc in late passages had a significant increase in 

autophagosome formation in early passages, as well as late passages, similar to the positive 

experiments.  

In the L929 groups (Figure 12), in all 9 experiments that were negative for PrPSc signal 

return in late passages, there was no significant change in autophagosome formation. 

When taken together, the results indicate that long-term wortmannin treatment was not 

effective in reducing autophagosome formation; rather, in some cases, such as CAD5 cells, it 

significantly increased autophagosome formation. This led us to believe that wortmannin was 

either ineffective at reducing autophagosome formation significantly at the concentrations 

selected, or that it degraded over time. Other studies using wortmannin treated cells for up to 

48hrs while still seeing efficacy and observing less than 10% cell death 156 . In addition, we 

performed initial experiments that showed wortmannin was able to significantly reduce 

autophagosome formation in each of the cell lines at the concentration tested after 72hrs of 

treatment.  

We then researched the stability and half-life of wortmannin to determine whether it 

degrades over time, which would explain the lack of efficacy and relative increase in 

autophagosome formation. Indeed, although wortmannin is stable in powder form at 2-8°C for 

up to 3 years, and reconstituted in solution with dimethyl sulfoxide (DMSO) at -20°C for up to 3 

months, once in aqueous solutions of between pH 3-8, the half-life of wortmannin is reduced to 

minutes 157 . Our culture media used for experiments is at a pH of 7.4 and was supplemented with 

wortmannin and aliquoted and stored at 4°C, with some aliquots used weeks after initial 

supplementation (similar to the supplementation and storage of media containing trehalose). It is 

possible that the wortmannin degraded in the culture media, which would explain why in most 

experiments across all 3 cell lines we saw a significant increase in autophagosome formation in 

later passages. In addition, it is possible that the reduction in autophagosome formation was not 

biologically significant. The difference between statistical and biological significance is that 

statistics give a probability that any differences seen are unlikely to have occurred by chance, 

whereas biological significance accounts for the importance of a result when compared to a 

“normal” biological state 158. Taken together, our results neither confirm nor refute our 
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hypothesis that inhibition of autophagy can increase cell susceptibility, as the agent used for 

autophagic inhibition was inefficient in our experimental design.  

Outside of this technical issue, there is evidence that supports the importance of 

autophagy in early passages but not late passages. By comparing autophagosome formation 

within positive and negative experiments, we observed distinct patterns. In the positive N2a 

infection experiment, autophagosome formation was reduced in early passages, whereas there 

was no change in autophagosome formation in the negative infection experiments. In the 

negative CAD5 infection experiments, autophagosome formation was increased in early 

passages and late passages (P6), whereas positive infection experiments only had an increase in 

autophagosome formation in late passages (P6). Therefore, a decrease in autophagosome 

formation, at least in N2a and CAD5 cells, in early passages may lead to an increase in 

susceptibility to prion infection, whereas an early increase in autophagosome formation may 

decrease susceptibility. Interestingly, L929 cells had no significant change in autophagosome 

formation across the 7 passages, yet none of the experiments resulted a return of PrPSc signal in 

late passages. This result is puzzling because if wortmannin was a non-factor due to its 

degradation as we postulate, then at least some of the experiments should have theoretically 

resulted in positive PrPSc signal in late passages, similar to control infections.  

Other Factors That Influence Cell Susceptibility to Prion Infection 

Genetics 

 There are clearly other factors outside of autophagy that cells possess that contribute to 

susceptibility to prion infection. First and foremost are genetic factors, specifically in the amino 

acid composition of PrP and the polymorphisms therein, combined with the numerous possible 

mutations, all of which affect the final conformation of the prion protein. Some mutations can 

confer resistance to prion disease, like the G127V polymorphism 52 , while the vast majority of 

mutations increase susceptibility to development of various prion diseases 159 . In a study by 

Marbiah and colleagues, an investigation into a gene regulatory network using differentially 

susceptible subclones of the N2a cell line known as PK1 cells (~1000-fold more susceptible to 

infection 160 ), resulted in the discovery of over 100 genes that varied in expression levels 161 . 

Many of the genes are involved in cell differentiation and development and the predominant 
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over-expression of genes in the susceptible cell line promote a differentiated phenotype 161 . 

Using shRNA-mediated knockdown, they found that knockdown of one of nine genes in the 

prion-resistant cells rendered these cells significantly more susceptible to prion infection. These 

genes include fibronectin 1 (Fn1), interleukin 11 receptor alpha chain 1 (Il11ra1), and 

galactosyltransferase (Galt), among others 161 . Interestingly, it was found that several of these 

proteins are associated with the extracellular matrix (ECM), indicating that the ECM plays a 

critical role in cell susceptibility 161, 162 .  

Co-factors 

Outside of genetics and tertiary structure, there are cellular co-factors that can aid in the 

conversion of PrPC to PrPSc. These co-factors include, but not limited to, polyanions (RNA 

molecules and proteoglycans), lipids, and chaperones (heat shock protein 104 (Hsp104)) 47, 48, 163-

165 . A study found that PrPSc amplification was enhanced with single stranded RNA (ssRNA) in 

vitro, but not double stranded RNA (dsRNA) or RNA:DNA hybrids 47 . This is consistent with 

findings that nucleic acids promote conformation change by binding to recombinant PrP 166 . 

Sulfated glycosaminoglycans (GAGs) exogenously applied are a potent inhibitor of prion 

propagation in cultured cells and animal models 137 . Lipids play a significant role as they can 

cause an approximate 100-fold increase in prion infectivity when purified PrP is re-incorporated 

into liposomes 48, 58 . As a chaperone, it was demonstrated that Hsp104, but not Hsp40/70/90, was 

able to convert PrPC to PrPSc, although it required partial denaturation with urea 163 .  

Post-translational Processing 

In addition to these cellular co-factors, the post-translational processing (truncation, 

trafficking) of PrPSc can also influence cell susceptibility. It was demonstrated in a study by 

Jeffrey and colleagues of sheep with natural scrapie that there were two distinct scrapie strains 

present in the animals and that the pattern of PrPSc accumulation and associated subcellular 

lesions were present in both, however they differed in proportion 167 . This difference in 

deposition suggests that trafficking of PrPSc is influenced by both strain and cell type, and that a 

single prion strain (natural scrapie) can be differentially trafficked based on interactions at the 

cell membrane 167, 168 . The product of truncation can also affect trafficking and incubation time 

of the disease in relation to cell type. In transmissible mink encephalopathy, N-terminally 
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truncated PrPSc in the soma of neurons, astrocytes, and microglia resulted in short incubation 

periods, while N-terminally truncated PrPSc in glia but not in the soma of neurons produced 

longer incubation periods 169 . 

Links with Autophagy 

 Some of the above factors have roles in autophagy, namely the ECM and lipids, 

highlighting how certain factors that affect cell susceptibility through other means can also have 

an impact on autophagy to further modulate cell susceptibility. Lipids affect autophagy in more 

ways than one; they regulate the signal cascade(s) that converge on mTOR, they control 

membrane dynamics through acting as membrane-bound signal by recruiting cytosolic protein 

effectors that mediate expansion and vesicle transport, as well as being required for the 

conversion of LC3-I to LC3-II (via PE, a phospholipid) and anchoring LC3-II to the membrane 

of forming autophagosomes 170, 171 . Certain constituents of the ECM can modulate autophagy 

through interaction with specific receptors, thereby modifying autophagic signalling pathways. 

For instance, the C-terminus of perlecan (a type of heparan sulphate proteoglycan) known as 

endorepellin can induce autophagy in endothelial cells 172, 173 . In the context of prion disease, 

intestinal epithelial cells can accumulate PrPSc in orally infected animals, and brain endothelial 

cells express PrPC as a junction protein that contributes to the composition of the blood-brain-

barrier (BBB) 174, 175 . Recently it has been shown that the size of the N-terminally truncated 

PrPSc plays a role degradation and clearance. In studies comparing two strains of TME, namely 

drowsy (DY) and hyper (HY), researchers were able to demonstrate that if the strain under 

investigation is processed into a smaller truncated PrPSc (DY), it was more susceptible to 

degradation and clearance than other strains where the product of truncation is relatively larger 

(HY) 176 . This difference in processing and clearance could explain the differences in incubation 

times, with DY having a long incubation time when inoculated intercerebrally (~170 days) 

relative to HY (~60 days) 176 . 
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Caveats & Future Directions 

  In this study we used N2a and CAD5 cells as models for chronic infection, while using 

L929 cells as a model for de novo infections out to P7. Studies have shown through cloning that 

L929 cells are able to maintain detectable levels of PrPSc past passage 12, and even as far as +15 

passages for other fibroblast cell lines (NIH/3T3) 94 . These infections can faithfully propagate 

scrapie infections, as indicated by the inoculation of mice with cell lysates from passage 13 of 

NIH/3T3 cells that had been infected with 22L at passage one, where all mice inoculated died of 

clinical scrapie, although the incubation time was slightly longer (~185 days) than mice 

inoculated with 22L BH (~162 days) 94 . Since these cells can maintain a bona fide infection for 

longer durations, it is possible to extend the study of fibroblast to determine how autophagic 

manipulation can affect PrPSc clearance over a longer period of time.  

 The initial premise of this work was to support the hypothesis that autophagy is beneficial 

in the degradation and clearance of PrPSc. However, there is now recent evidence that may 

implicate autophagy in the spread of infectious prions. We discussed in earlier sections that 

misfolded PrP could be present on the surface of the cell, in endosomes associated with the endo-

lysosomal pathway, and autophagosomes. In addition, depending on the pathway by which PrPSc 

is N-terminally truncated, distinct glycoforms of PrPSc can be incorporated into exosomes 177 . 

Furthermore, there has been evidence that supports that stimulating the release of exosomes aids 

in the spread of prions intercellularly 178 . Recently, some research shows that autophagy can 

stimulate the release of the exosomes, spreading infectious prion material between cells, counter 

to much of the evidence supporting autophagy as beneficial in prion disease 179 . 

 In the future, experiments requiring long-term PI3K inhibition should be done with 

LY294002. Although LY294002 is less potent than wortmannin, it works in a similar manner 

and is much more stable in aqueous solutions 157 . Due to its high stability in solution, long-term 

treatment with this drug would likely result in a more consistent PI3K inhibition and therefore 

more consistent results. If this showed that inhibition of autophagy could make cells more 

susceptible to prion infection, it could aid in the development of new cell lines that can be 

infected to better model prion disease. An interesting point to consider is that in addition to 

modulation of autophagy to allow for a wider range of prion susceptible cell lines, it might be 

worth trying to infect cells that do not usually replicate prion infectivity in vivo. For instance, the 
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L929 cell line is a fibroblast cell line; fibroblasts do not replicate infectious prion material in 

vivo, but are clearly able to replicate and propagate infectious material in vitro 94 . Therefore, 

there may be other susceptible model cell lines available that have so far been overlooked 

because the tissue of origin does not replicate infectivity in vivo.  

It would also be useful to test other strains in the three cell lines studied to determine 

whether modulating autophagy has a similar result. If other strains are found to have a similar 

response to autophagy manipulation, it would indicate that cell type plays a larger role in cell 

susceptibility over that of the prion strain. Simply put, the cells would mount the same 

autophagic response regardless of prion strain and its associated properties. Conversely, if there 

was a difference in responses of these cells to different strains, it would indicate that there is an 

intrinsic property of the strains itself that plays a larger role in how the cell responds. If this 

second scenario were true, it would further support work done by Jeffrey, Bartz, and co-workers 

that have shown cellular processing of misfolded PrP to be a critical factor in cell susceptibility 

and degradation/clearance 167-169 . 

Another intriguing direction is to look at the relationship amongst the rate of cellular 

replication, rate of clearance, and expression level of PrPC in relation to susceptibility to 

infection. There is work showing that the rate of replication is more important in determining 

prion infectivity than the differentiated state of the cell(s) 180, 181 . In addition, in order to 

accumulate PrPSc and progress the disease, the rate of PrPSc formation must exceed the rate of 

clearance 182 . It has been well established that PrPC is a necessary substrate for PrPSc conversion. 

Based on these three factors, we can predict that cells with a high replication rate, high rate of 

clearance, and low expression of PrPC will be the least susceptible to prion infection and those 

with a low replication rate, low rate of clearance, and high expression of PrPC will be the most 

susceptible. The question is which of the three factors has the largest effect on cell susceptibility. 

 

 

 

 



	 38	

Summary 

 A synopsis of the study can be found in Table 1. Briefly, we demonstrated that there are 

differences in both basal autophagosome formation and basal levels of PrPC among L929, N2a, 

and CAD5 cells. However, our initial hypothesis that the basal level of autophagy would be a 

dominant factor in cell susceptibility to de novo prion infection ended up being wrong. In our 

experiments we found the opposite – cells with the highest levels of basal autophagy (L929) 

were far more susceptible to de novo prion infection compared to either CAD5 or N2a cells. In 

addition to this, the idea that expression levels of PrPC would also factor into cell susceptibility 

was also found to be a non-factor, as L929 cells had a significantly lower level of PrPC 

expression compared to N2a and CAD5 cells. This later point was supported by studies with 

fibroblasts, which showed that regardless of the expression levels of Mo3F4 PrPSEN (PrPC), cells 

accumulated comparable levels of PrPRES (PrPSc) 94 .  

 We hypothesised that augmenting autophagosome formation would increase resistance in 

cell susceptibility to prion infection and found this to be true. De novo infected L929 cells treated 

with trehalose resulted in an absence of PrPSc signal in late passages for all experiments 

compared to control de novo L929 infections, where over half had PrPSc signal return in late 

passages. In addition, we expanded on the results obtained by Aguib and colleagues 99 , which 

showed that ongoing induction of autophagy by trehalose over time was able to clear infectious 

prion material from chronically infected ScN2a cells; we were able to show the same effect in 

chronically infected CAD5-RML cells. 

 The final aspect of our hypothesis was that inhibition of autophagy could make cells 

more susceptible to prion infection. We found that treatment with wortmannin rendered N2a and 

CAD5 cells slightly more susceptible to de novo prion infection than control de novo infections. 

We found that 1/6 and 4/9 experiments were positive for PrPSc signal in late passages in N2a and 

CAD5 cells, respectively, whereas both control N2a and CAD5 cell infections resulted in no 

return in PrPSc signal in late passages. De Novo infected L929 cells treated with wortmannin, 

however, had the opposite result of what we expected – none of the 9 experiments returned with 

PrPSc in late passages compared to over half of the control de novo infection experiments. When 

we analyzed the autophagosome formation rate, we discovered that on average there was no 

significant change, and in some cases, the rate increased. After some investigation we 
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determined that wortmannin had degraded due to its low stability in aqueous solutions at pH 3-8 

(our culture media has a pH of 7.4). In spite of wortmannin degrading, we were able to see an 

increase in prion susceptibility in both neuronal cell lines, where 1/6 and 4/9 experiments were 

positive for PrPSc in late passages for N2a and CAD5 cells, respectively, compared to control de 

novo infections where none of the experiments were positive. Therefore, we can neither confirm 

nor deny our hypothesis that we could increase cell susceptibility by inhibiting autophagy. What 

we can say, however, is that in N2a and CAD5 cells, autophagosome formation rate in early 

passages, but not late passages, plays an important role in predicting whether PrPSc signal will 

return. 
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