
Frontiers in Physiology | www.frontiersin.org 1 February 2022 | Volume 13 | Article 837662

ORIGINAL RESEARCH
published: 18 February 2022

doi: 10.3389/fphys.2022.837662

Edited by: 
Dragomir Milovanovic,  

German Center for 
Neurodegenerative Diseases (DZNE), 

Germany

Reviewed by: 
Mike Strauss,  

McGill University, Canada  
Igor V. Zaitsev,  

The City University of New York, 
United States

*Correspondence: 
Laura Manuelidis  

laura.manuelidis@yale.edu

†These authors have contributed 
equally to this work 

Specialty section: 
This article was submitted to  

Membrane Physiology and 
Membrane Biophysics,  
a section of the journal  
Frontiers in Physiology

Received: 16 December 2021
Accepted: 20 January 2022

Published: 18 February 2022

Citation:
Aguilar G, Pagano N and 

Manuelidis L (2022) Reduced 
Expression of Prion Protein With 

Increased Interferon-β Fail to Limit 
Creutzfeldt-Jakob Disease Agent 

Replication in Differentiating Neuronal 
Cells.

Front. Physiol. 13:837662.
doi: 10.3389/fphys.2022.837662

Reduced Expression of Prion Protein 
With Increased Interferon-β Fail to 
Limit Creutzfeldt-Jakob Disease 
Agent Replication in Differentiating 
Neuronal Cells
Gerard Aguilar †, Nathan Pagano † and Laura Manuelidis *

Section of Neuropathology, Department of Surgery, Yale Medical School, New Haven, CT, United States

Immortalized uninfected septal (SEP) neurons proliferate but after physiological mitotic arrest 
they express differentiated neuronal characteristics including enhanced cell-to-cell membrane 
contacts and ≥ 8 fold increases in host prion protein (PrP). We compared proliferating uninfected 
and Creutzfeldt-Jakob Disease (CJD) agent infected cells with their arrested counterparts over 
33 days by quantitative mRNA and protein blot analyses. Surprisingly, uninfected arrested 
cells increased interferon-β (IFN-β) mRNA by 2.5–8 fold; IFN-β mRNA elevations were not 
previously associated with neuronal differentiation. SEP cells with high CJD infectivity titers 
produced a much larger 40–68-fold increase in IFN-β mRNA, a classic host anti-viral response 
that is virucidal for RNA but not DNA viruses. High titers of CJD agent also induced dramatic 
decreases in host PrP, a protein needed for productive agent replication. Uninfected arrested 
cells produced large sustained 20–30-fold increases in PrP mRNA and protein, whereas CJD 
arrested cells showed only transient small 5-fold increases in PrP. A > 10-fold increase in 
infectivity, but not PrP misfolding, induced host PrP reductions that can limit CJD agent 
replication. In contrast to neuronal lineage cells, functionally distinct migratory microglia with 
high titers of CJD agent do not induce an IFN-β mRNA response. Because they have 1/50th 
of PrP of an average brain cell, microglia would be unable to produce the many new infectious 
particles needed to induce a large IFN-β response by host cells. Instead, microglia and related 
cells can be persistent reservoirs of infection and spread. Phase separations of agent-
associated molecules in neurons, microglia and other cell types can yield new insights into 
the molecular structure, persistent, and evasive behavior of CJD-type agents.

Keywords: innate immunity, microglia, Transmissible Spongiform Encephalopathies, SV40 T antigen, infectivity, 
viral DNA

INTRODUCTION

Host prion protein (PrP) mRNA transcription sharply increases during brain synapse formation 
(Lieberburg, 1987; Manson et  al., 1992). In neuronal lineage cells PrP localizes ultrastructurally 
on the plasma membrane and rough endoplasmic reticulum (Manuelidis, 2007). Host PrP is 
needed for the replication of the infectious agents that cause Transmissible Spongiform 
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Encephalopathies (TSEs) as shown by PrP knockout studies in 
scrapie (Büeler et  al., 1993). Conversely, transgenic PrP 
overexpression increases susceptibility to infection and reduces 
the incubation time to terminal disease in mice (e.g., Manuelidis 
et  al., 2009b). It is now commonly believed that the causal 
infectious agent in TSEs is a misfolded form of host PrP without 
any nucleic acid component (Prusiner, 1998). However, claims 
that misfolded PrP itself can become infectious have not been 
reproducible (Timmes et  al., 2013; Barron et  al., 2016). 
Furthermore, all highly infectious CJD and scrapie preparations 
contain significant amounts of long nucleic acids when evaluated 
using contemporary detection techniques (Manuelidis, 2011). 
Moreover, nucleases that destroy nucleic acids but have no effect 
on PrP, reduce infectivity by ~1,000 fold (Botsios and Manuelidis, 
2016). Misfolded PrP forms amyloid fibrils and on Western 
blots displays truncated proteinase K resistant bands (PrP-res) 
and nucleic acids, including DNA aptamers, can promote PrP 
fibrillation as shown in phase separation studies (Matos et  al., 
2020; do Amaral and Cordeiro, 2021). While cellular PrP-res 
is used for diagnosing mammalian TSE agent infections, PrP-res 
can represent pathological fibrillar products of old agent 
interactions. In fact, PrP-res continues to accumulate even after 
infected cells have lost all of their infectivity (Miyazawa et al., 2012).

From a viral perspective: (1) host PrP can act as a membrane 
receptor and/or intracellular scaffold for agent entry and replication; 
when infectious TSE agents attach to PrP they may induce PrP 
misfolding and amyloid aggregation (Manuelidis, 2013). Virus-
host protein interactions are reported to induce host protein 
aggregation into a “prion-like” structure that stimulates host 
innate immune interferon type I  responses (Hou et  al., 2011). 
(2) An agent nucleic acid component can also account for the 
diversity, uniqueness, stability and virulence of different TSE 
agents (Manuelidis, 2010). Each TSE strain displays a distinct 
doubling time of 7–33 days, in addition to its own region-specific 
brain pathology in non-transgenic mice (Miyazawa et  al., 2011). 
Moreover, most agents induce the same PrP-res brain bands in 
these mice (Manuelidis et  al., 2009a). Conversely, PrP-res band 
patterns can be  altered by propagation in neural cell lines yet 
this has no biological effect on agent characteristics when cells 
are later inoculated in mice (Arjona et  al., 2004). A TSE strain, 
like many viral strains, can prevent superinfection by a different 
strain (Manuelidis and Lu, 2003; Nishida et al., 2005). (3) While 
the molecular structure of TSE agents remains unknown, virus-
like dense particles of 20–25 nm within infected CJD and scrapie 
cells (Manuelidis et  al., 2007) are also concentrated in highly 

infectious preparations with reduced or no PrP/PrP-res (Manuelidis, 
2007; Kipkorir et  al., 2014). These particles, unlike PrP amyloid 
fibrils, do not bind PrP antibodies (Manuelidis, 2007; Manuelidis 
et  al., 2007). Finally, (4) the vast majority of TSE infections 
can be  traced to an external source and environmental controls 
can prevent infection, e.g., the disappearance of human kuru 
after the cessation of ritual cannibalism (Gajdusek, 1977) and 
the sharp decline of epidemic “mad cow disease” (BSE) after 
contaminated feed was banned. Even widespread endemic sheep 
scrapie infections have been controlled by rigorous environmental 
disinfection with no spontaneous reappearance (Sigurdarson, 
1991). Environmental TSE agents would be  expected to induce 
interferon-β (IFN-β), a classic host innate immune response to 
foreign pathogens that creates an antiviral state (Nagarajan, 2011; 
An et  al., 2019). We  here show that the infectious agent but 
not PrP/PrP-res induces IFN-β mRNA.

Late-stage neuronal degeneration in TSEs has received much 
attention, but tissues and cells responsible for the initial agent 
entry, dissemination, and asymptomatic persistence are less 
studied. Bone marrow derived cells and tissues, not neurons, 
are the first stop for TSE agents in peripheral infections including 
the oral route (Shlomchik et  al., 2001). Scrapie homogenates 
inoculated intramuscularly induce significant agent titers in 
spleen 8 weeks before infectivity is detectable in the brain 
(Eklund et  al., 1967) although serum and plasma were not 
infectious. Subsequent CJD studies showed white blood cells 
(WBCs) carried the infectious agent (Manuelidis et  al., 1978, 
1985) even though these cells have very low or no PrP (Choi 
et  al., 2009). Many different viruses (Nikitina et  al., 2018), 
including “neurotropic” poliovirus and SARS-Cov-2 (Pagano 
et al., 2020) as well as human papova viruses (An et al., 2019), 
are carried by WBC to spleen and lymph nodes before they 
gain a foothold in brain, and WBC can carry other TSE agents 
(Douet et al., 2016). Myeloid lineage macrophage/dendritic cells 
account for only 1–2% of the WBC population but can carry 
TSE agents to the gut (Radebold et  al., 2001; Shlomchik et  al., 
2001). After intraperitoneal injection, scattered long-lived 
myeloid/dendritic cells in the submucosal intestinal lymph 
nodes show de novo misfolded PrP indicative of infection at 
4 weeks whereas this change first appears in brain at 25 weeks. 
This gut myeloid/dendritic cell infection persists until terminal 
illness (Radebold et  al., 2001). Infectivity titers in scrapie also 
show myeloid/dendritic type cells in spleen are chronic reservoirs 
during protracted asymptomatic infections with a constant 
plateau of infectivity throughout life (Eklund et  al., 1967). 
And, humans inoculated peripherally with CJD contaminated 
growth hormone have developed neurological symptoms 38 years 
after exposure (Croes et  al., 2002). Indeed, misfolded PrP in 
lymphoid tissue biopsies have been used to estimate TSE 
infections in asymptomatic populations (Hilton et  al., 2004). 
Microglia in brain, another long-lived myeloid dendritic cell 
type, also contributes to an antiviral response. Microglia are 
cellular and morphological chameleons that can act as Trojan 
horses for brain infection (Manuelidis et  al., 1997), and these 
cells classically participate in lytic responses and antigen 
presentation. Long lived and migratory activated microglia, 
with 1/50th of the PrP of an average brain cell and no detectable 

Abbreviations: SEP, Post-mitotic rat septal neurons immortalized by large T 
antigen (Tag) from a simian polyoma virus (SV40); CJD, Creutzfeldt-Jakob disease; 
BSE, Bovine spongiform encephalopathy; TSEs, Transmissible spongiform 
encephalopathies; sCJD, Sporadic CJD; FU-CJD, A CJD agent isolated in Japan; 
PrP, Host prion protein; PrP-res, PrP resistant to limited protease digestion; LD50, 
Lethal dose for 50% of inoculated animals; WBC, White blood cells; RT/qPCR, 
Method for quantifying mRNA transcripts; Cq, Quantification cycle by RT/qPCR; 
TCID, Tissue culture infectious dose per cell; RT, Reverse transcriptase; GAPDH, 
Glyceraldehyde-3-phosphate dehydrogenase; NFP, Neurofilament protein; IFN, 
Interferon; Tm, Melting temperature; HEK, Human embryonic kidney cells; OAS, 
2′-5′ oligoadenylate synthetase; CE, Cell equivalents; ti, Effective doubling time 
of TSE agent strains.
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PrP-res, have CJD agent titers as high as total brain (Baker 
et  al., 2002) yet their responses to infection are different from 
those seen here in SEP neuronal cells.

Interferon and PrP changes during physiologically induced 
differentiation in uninfected cultured rat neuronal septal (SEP) 
cells were first detailed. These responses were then compared 
to those seen during FU-CJD infection by both RT/qPCR for 
mRNAs and parallel protein blot assays during several weeks 
of arrest. Post-mitotic septal neurons immortalized with an 
SV40 T antigen (Tag; Eves et  al., 1994), previously showed 
that a shift from 33°C to 37.5°C in reduced serum was sufficient 
to arrest proliferation induced by the Tag construct (Miyazawa 
et  al., 2010). A more differentiated SEP cell morphology with 
specialized cell-to-cell contacts, nanotube formation, and an 
8-fold increase in PrP was seen by 1 week of arrest and PrP 
increases were magnitudes higher than those seen in other 
PrP models (e.g., Castle and Gill, 2017). Moreover, SEP cells 
infected with the FU-CJD agent also produced >10-fold more 
infectious particles after arrest (Miyazawa et al., 2012). Changes 
in IFN-β, Tag, PrP and infectivity titers per cell are detailed 
here. Surprisingly, host PrP synthesis was significantly suppressed 
by infection as compared to uninfected controls. Additionally, 
infection induced a sustained 40–68-fold increase in IFN-β 
mRNA, a futile host response to control increasing titers of 
the FU-CJD agent.

MATERIALS AND METHODS

Conditions for Proliferation and Arrest of 
Normal (NL) and FU-CJD Infected SEP 
Cells
The SV40 T antigen (Tag) stimulates cell proliferation, and a 
temperature sensitive Tag was used to immortalize post mitotic 
septal neurons in culture. Low Passage SEP cells (AS583 subclone 
e422) without detectable astrocytic GFAP were a generous gift 
of Wainer (Eves et  al., 1994). These low passage proliferating 
cells were frozen at p3 (designated “p1” here) and maintained 
in high glucose DMEM with 10% FBS, penicillin/streptomycin 
(50 units/ml), and G418 (0.2 mg/ml) at the permissive temperature 
of 33°C and were split 1:4 every 4 days per passage. Two low 
passage SEP cells lines infected with the FU-CJD agent (Miyazawa 
et  al., 2012) were frozen at passage 17; the first line, infected 
during proliferation, was maintained in a proliferating state 
in 10% FBS/33°C. These cells had a low titer of 0.4TCID per 
cell. They were then arrested (“FU-CJD arrested”). The second 
FU-CJD infected line had been maintained under chronic arrest 
conditions (2% FBS/37.5°C) and when frozen had a high titer 
of 5 TCID/cell (Miyazawa et al., 2012) and designated “FU-CJD 
re-arrested” cells. Both cell lines were thawed at passage 17 
and split 1:4 every 4 days for three passages in 10% FBS at 
33°C to increase cell numbers needed for multiple sequential 
protein and RNA sequential studies. For arrest, uninfected- and 
FU-CJD infected SEP cells at ~60% confluence were shifted 
to 37.5°C in 2% FBS DMEM and re-fed every 2 days with 
2% FBS DMEM as previously described (Miyazawa et al., 2012); 
~4% of arrested cells showed DNA proliferation by nuclear 

BrdU incorporation at later times allowing cells to be  split 
1:2 from 14 to 33  days of arrest. For protein analyses and 
RNA extractions, cells were collected from 6 to 33  days after 
arrest (t = 0). Four sets of proliferating SEP cells were tested 
for arrest: starting p7 (28 days), p21 (84 days), p25 (100 days), 
and p41 (164 days). Multiple flasks of proliferating and arrested 
cells were carried in parallel for each set and tested at sequential 
time points; some arrested cells were returned to a proliferative 
state after an extended arrest to document a t = 0 days state.

Western Blot Analysis
Cells dislodged from flasks in PBS with 0.6 mM PMSF were 
centrifuged at 1,500 g for 10 min, suspended in 50 mM Tris–HCl 
pH 8.9 and sheared by bath sonication. All antibodies were 
from Santa Cruz except β-actin (Sigma) at the following 
concentrations: PrP (clone 6D11) @1:15,000, SV40 Tag (Pab 
419) @1:500, α-tubulin (clone A-6) @1:750, β-actin (clone 
AC-15) @1:6,000 and Annexin II (clone C-10) @1:500. All 
these primary mouse antibodies were detected using m-IgG-
kappa BP HRP @1:800 as the secondary antibody. For 
quantitation, chemiluminescent signals on blots were normalized 
with respect to protein loaded/lane and additionally confirmed 
by β-actin, α-tubulin, and Annexin II.

Infectivity Assays of Re-arrested FU-CJD 
Cells
As previously detailed (Liu et  al., 2008; Miyazawa et  al., 2012), 
the tissue culture infectious dose (TCID) in each SEP cell 
homogenate, at several dilutions, was assayed by exposing 
duplicate wells seeded with moue neuronal GT1 indicator cells. 
Uninfected SEP cells elicited no PrP-res in GT1 cells, as shown 
in many previous experiments. In contrast, de novo PrP-res 
was produced only after infection. High titer inocula induce 
PrP-res at early GT1 passages whereas lower titer samples 
needed more passages to provoke de novo PrP-res. Ten-fold 
dilutions of proliferating and re-arrested FU-CJD infected SEP 
cells previously documented quantitative induction of PrP-res 
(Miyazawa et  al., 2010). FU-CJD infected GT1 cells passaged 
for >1 year reproduced the original clinical signs and brain 
lesion profiles as displayed by the FU-CJD strain in brain 
(Arjona et  al., 2004).

RNA Extraction and RT/qPCR for 
Quantitative mRNA Analysis
RNA was isolated from pelleted SEP cells following the NEB 
Monarch Total RNA Miniprep Kit instructions, including the 
15 min DNAse incubation step. Kit columns were loaded with 
E7-2.5xE7 cells yielding a total of 0.5–2μg RNA, a value below 
the maximal 100 μg column capacity. RNA in nuclease-free 
water was quality checked and quantified by Nanodrop 
spectrophotometry using OD 260/280 and 260/230 ratios of 
~2 as indicators of high quality RNA. Because full length 
synthetic RNAs targets were not available, Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) dilution curves were 
performed to quantitate and normalize each RNA sample (see 
Supplementary Figures  1 and 2). RT/qPCR input dilutions 
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for each primer pair were determined by a standard curve of 
three serial dilutions run in duplicate or triplicate in the linear 
range to find the optimal RNA load giving a Cq value on 
the standard curve. Each assay included duplicate no-template 
(H2O) negative control. The numerical mean and SEM of a 
minimum of six determinations in three or more separate 
assays were done for each sample.

RT/qPCR NEB reactions (14 ul total volume) contained 2x 
Master mix (7 μl for 1x final concentration), 20x RT enzyme 
(0.7 μl), 5 μM Forward and Reverse primers (0.84 μl for 300 nM 
each), nuclease-free water (3.46 μl), and RNA template (2 μl). 
GAPDH was used as an internal control to normalize the 
relative quantity of RNA in each sample and time point. Most 
RNAs could be quantitated with an input of 100 pg. Neurofilament 
protein-M (NFP) and interferon (IFN) mRNAs required higher 
inputs of 30–200 ng of RNA. Reactions were run on a MyGo 
Mini real-time thermal cycler as previously described (Pagano 
et  al., 2020). The thermal profile for the following primers 
consisted of one RT step at 55°C for 10 min followed by one 
denaturation at 95°C for 60s, and 40 cycles at 95°C for 10s, 
10s at T anneal temperatures (Table  1), and extensions at 
72°C for 20s. Table 1 lists the primers, annealing temperatures 
and products for each primer pair. Each run was followed by 
melting curve analysis for Tm of products. None of the primer 
pairs generated spurious extra peaks, e.g., see 
Supplementary Figure  3.

RESULTS

Uninfected immortalized SEP cells were not previously evaluated 
for more than 8 days after proliferative arrest. We first extended 
these times to define induced transient vs. sustained changes. 
Physiological induction into an arrested non-proliferating state 
using a 4.5°C temperature shift to 37.5°C in low serum was 
capable of arresting cells for 25–33 days. Previously, neuronal 
differentiation features were enhanced by an 8-day arrest, 

including 8-fold elevations in host prion protein (PrP), an 
ultrastructural increase in cell-to-cell plasma membrane 
attachments and formation of many nanotubes from cell to 
cell (Miyazawa et  al., 2010); Neurofilament RNA by Northern 
blot hybridization has also been reported (Eves et  al., 1994). 
These findings are consistent with many other studies indicating 
a role for PrP in synaptic plasticity, cell adhesion, and cell 
signaling, but a central defined function for PrP remains 
unresolved (e.g., Linden, 2017). The extended studies here, 
using RT/qPCR for mRNA transcripts, revealed unexpected 
changes in interferon-β (IFN-β) in uninfected arrested SEP 
cells. In the following studies, we first assessed the responsiveness 
and reproducibility of changes induced by arrest in uninfected 
cells at early to late passages where each passage covers 4 days 
prior to arrest, i.e., p7 cells were arrested after 28 days of 
proliferation, p25 after 100 days, and p41arrested after 164 days. 
All uninfected cell mRNAs are shown in Figure  1. FU-CJD 
infected cells, arrested at p17 are then compared as later detailed.

Dramatic Increases in Specific mRNAs in 
Uninfected SEP Neurons After Arrest
Figure  1 shows the increase in specific mRNAs in uninfected 
SEP cells, where proliferating control cells for each different 
passage series were run in parallel and plotted as a 1x control 
for comparison (red line). In each passage set the proliferating 
control was comparable. Panel 1A shows actin increased and 
remained elevated ~2 fold from 5 to 25  days in cells arrested 
at p21 and p25 days (blue and purple lines respectively). This 
small significant change (**p ≤ 0.002) is biologically meaningful 
because the previous studies demonstrated ~20% of SEP cells 
became very large and were filled with actin filaments by 
8 days after arrest. In contrast, SEP cells arrested at later passage 
p41 (turquoise line), did not show an increase in actin, suggesting 
genetic drift by this passage. SV40 Tag mRNA (Panel 1B) 
showed no meaningful increase at any post-arrest time in each 
of the three passage series, a finding that would be  expected 

TABLE 1 | Primer sequences and annealing temperatures used (T-anneal) with the Tm and Product bp length.

Gene Primer sequences Product Tm T-anneal Product (bp)

GAPDH F: 5’-CAACTCCCTCAAGATTGTCAGCAA 85.75°C 54°C 118
R: 5’-GGCATGGACTGTGGTCATGA

Actin F: 5’-AAGTCCCTCACCCTCCCAAAAG 86°C 55°C 97
R: 5’-AAGCAATGCTGTCACCTTCCC

SV40-T F: 5’-GATGCAACTGAGATTCCAACCT 82°C 53°C 192
R: 5’-GCAATTCTGAAGGAAAGTCC

PrP F: 5’-CGTCACCCAGTATCAGAAGGAG 86°C 57°C 308
R: 5’-CTGAAGCGAATAGCATCTGGTC

NFP-M F: 5’ATCACTTGGAGGAAGACATCCACCGG 90.6°C 62°C 864
R: 5’-TTCCTCTGCAATGACTGTAGGGC

IFN-β F: 5’-CGTTCCTGCTGTGCTTCTC 86.2°C 53°C 150
R: 5’-TGTAACTCTTCTCCATCTGTGA

OAS 2 F: 5′- CCTATGATGCACTAGGTCAGCTGC 88°C 69°C 470
R: 5′- TAGAAGATGCCAACACCAGCGGTC

Each Tm refers to the final RT/qPCR product’s melting temperature and determined empirically by melting curve calculations of results. Primer pair references: GAPDH (Schirmer 
et al., 2019), Actin (Sun et al., 2020), SV40 Tag (Wolfe et al., 2008), NFP (Uchida et al., 2004), IFN-β (Adriaansen et al., 2007), and OAS2 (Perelygin et al., 2006). Rat PrP primers 
were designed by John Davis.
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from healthy differentiating neurons that are arrested. Since 
all SEP cells contain integrated recombinant SV40 Tag used 
for immortalization, a low level Tag RNA was produced by 
all cells. This constant 1x level of Tag RNA that was not 
mirrored by Tag protein levels (see below), i.e., quantitative 
RNA amounts can be separated from observed protein synthesis. 
Tag quantitative RNA fidelity was verified by RT/qPCR tests 
of HEK human cells with and without a Tag construct; Tag 
negative cells yielded no positive RNA signal whereas Tag + 
cells were clearly positive (Supplementary Figure  4).

After arrest, there was an enormous increase in PrP RNA 
(Figure  1, panel C). PrP RNA shot up  16–30 fold after 5 days 
in p21 (blue) and p25 (purple) arrested cells and was still 
maintained at 15x proliferating cell levels at 25 days (purple 
line). In contrast, p41 arrested cells (turquoise line) showed 
only a 5-fold increase in PrP RNA over 20 days of sampling. 
This indicated PrP transcription could be  compromised by 
genetic drift in cells passaged for >150 days. To validate if this 
loss of PrP RNA responsiveness was caused by extended passaging, 
we investigated a replicate set of early passaged SEP cells arrested 
at p7. PrP RNA of p7 cells (Panel C, black line) were followed 
for 21 days of arrest and confirmed both the huge increase 

and maintenance of high PrP RNA levels comparable to those 
seen in p25 cells passaged for 100 days before arrest.

Interferon-β RNA (IFN-β), shown in panel D, was also 
elevated from 2.7–8 fold over 25 sampling days but showed 
a more complex response pattern than the other RNA probes. 
Whereas arrested p25 cells (purple line) maintained a consistent 
8-fold increase in IFN-β vs. control proliferating cells (red 
line), the more extensively passaged p41 cells were variable 
(turquoise) and showed a significant 2.5-fold and 5-fold increase 
only at 7 and 20 days, respectively. The 8-fold sustained increases 
in p25 cells raise the unexpected possibility that IFN-β RNA 
might increase in neuronal cells during differentiation. The 
clear increases in IFN-β in uninfected neuronal cells at p25 
occurred without a corresponding increase in Tag that can 
stimulate host IFN-β regulatory factors. The initial and small 
physiological shift used for arrest SEP cells would be  unlikely 
to produce the sustained 8-fold increase in IFN-β mRNA. 
Neurons can produce IFN-β as part of an antiviral response 
(e.g., Delhaye et  al., 2006; Paul et  al., 2007) but there is a 
paucity of data on IFN-β transcription in uninfected neuronal 
cells in vitro or in vivo. Finally, the neuron-specific 
neurofilament-M (NFP) marker showed a positive and significant 
rise after arrest (panel E), indicating SEP cells deafferented 
with neuronal characteristics.

Quantitative PrP and Tag Protein Analyses 
in Uninfected SEP Cells
Panels A and B in Figure  2 show prion protein increases 
after arrest of early p7 cells and late p41 cells, respectively. 
Actin normalized PrP amounts in p7 cells at 7, 14, and 21 days 
(16–24 fold) were very high, in accord with the large 30-fold 
PrP RNA elevations. The same high PrP amounts were seen 
in p25 arrested cells (data not shown). These protein elevations 
followed RNA changes by a few days, i.e., the highest level 
of PrP mRNA was seen at 7 days (Figure  1C, black line) 
whereas PrP on protein blots peaked at 14–21 days. This lag 
would be  expected to allow for translation of nascent mRNA 
transcripts. Older p41 cells (panel B) also showed reduced 
PrP as compared to earlier passage cells but again mirrored 
the comparatively reduced PrP mRNA in p41 cells. Blots A 
and B also show that Tag, a protein that appears only in 
proliferating cells and that localizes to the nucleus (Miyazawa 
et  al., 2010) produces a visible band at 90kd only in initial 
proliferating day 0 and arrest released Re0 cell lanes, but not 
in any arrested cells (lanes 7–21 days, panels A and B). Since 
Tag mRNA remained constant at all-time points, the inhibition 
of Tag translation or enhanced protein breakdown pathways 
are likely to be  involved in its disappearance with arrest. 
Reduced Tag protein also shows that the vast majority of these 
uninfected cells are not proliferating.

In sum, arrest of uninfected neuronal SEP cells arrested 
before 100 days induced up to 30-fold sustained increases in 
PrP mRNA and protein. Late passage p41 cells showed a 
diminished PrP response, implicating extensively passaged SEP 
cells had an altered phenotype after passaging for >150 days. 
Nevertheless, all arrested cells showed significant increases in 

A B

C D

E

FIGURE 1 | Quantitative RT/PCR (RT-qPCR) results for mRNA fold changes 
in uninfected SEP RNAs. The graphs show the sequential fold change of RNA 
expression with arrest after different passages; where p7 is shown in black, 
p21 in blue, p25 in purple and p41 in turquoise with parallel proliferating non-
arrested controls in red. (A) β-actin, (B) SV40 Tag, (C) PrP, (D) Interferon β 
(IFN) and (E) Neurofilament protein-M (NFP). mRNA levels show the mean and 
SEM of a minimum of 6 determinations for ≥3 separate RNA aliquot assays. 
The ** in all plot figures indicates a p ≤ 0.002 by student’s unpaired T-test.
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IFN-β; in p25 cells 8-fold increases were sustained from 6 to 
26  days, and even p41 cells showed a 5-fold elevation. None 
of these uninfected cells showed an increase in Tag mRNA. 
However, Tag protein was produced during proliferation, 
indicating control at the translational level.

Proliferating and Arrested FU-CJD Cells 
Show PrP-res, With Low PrP Induced by 
Arrest
Three sets of stock FU-CJD infected cells were studied: (1) 
control p17 proliferating cells that had never been arrested, 
(2) control cells newly arrested (“FU-CJD arrested”), and (3) 
high titer FU-CJD p17 that were previously arrested (“FU-CJD 
re-arrested”). For comparison of total PrP in uninfected and 
infected cells, both sets were loaded with comparable cell 
numbers/lane. Figure  2 panel C shows that FU-CJD infected 
proliferating cells on blots have low levels of total PrP at day 
0, with increasing PrP after arrest (days 7, 14, 21, and 28 days); 
low PrP is restored after arrested cells are returned to a 
proliferative state (re0 lane). The low PrP levels in 0 and re0 
lanes is comparable to that seen in uninfected proliferating 

cells at day 0 (panel A). Unlike uninfected cells, the PrP 
increased only 3.5–5 fold with arrest, significantly less than 
the 20–30x increase in protein of uninfected p7, 21 and 25 
cells (panel A). All infected cells also displayed PrP-res bands 
(+ lanes panel C), whereas uninfected cells failed to show 
PrP-res as previously documented (Miyazawa et  al., 2012). 
Infected cells showed an increase in PrP-res after arrest (+ 
lanes) but the %PrP-res of total PrP declined steadily with 
the highest value at day 0 (70%) and was still high (30%). 
All proliferating FU-CJD cells (panel C), as uninfected 
proliferating cells, also showed positive Tag (T at arrowhead; 
day 0 and re0 lanes), but Tag was not visible in equally loaded 
lanes of arrested cells. Actin bands (at A) were used for 
quantitative normalization.

Quantitative RT/qPCR studies further validated and correlated 
with the above PrP protein changes in FU-CJD infected cells 
(Figure  3). In these graphs, proliferating infected cells (red 
line) are compared with parallel arrested cells at p17 (blue 
line), and p17 re-arrested cells (purple line). The PrP mRNA 
was significantly increased (**) in the FU-CJD arrested (Figure 3 
panel C, blue lines), but only by 2.7 fold, a markedly lower 

A B C

FIGURE 2 | Representative western blots of uninfected (panels A and B), whereas panel (C) shows FU-CJD infected proliferating SEP cells. Day 0 are proliferating 
cells and effects of arrest are seen at days 7, 14, 21, and 28. Re0 lanes show cells returned to proliferative conditions after longest arrest time. (A) Low passage (p7) 
uninfected SEP cell lysates all loaded at 3E4 cell equivalents (CE) by standard protein assay show 35–20 kDa bands of normal SEP rat PrP (P), and single bands of 
Actin (A), and SV40 Tag (T, arrowhead, at 90 kDa). PrP-fold amounts, normalized for actin, are indicated below each lane. (B) Uninfected SEP cells arrested after 
continuous propagation for 41 passages (164 days) mount a reduced PrP arrest response, in accord with reduced PrP mRNA in Figure 1. The p41 arrest lanes 
show lower PrP amounts with the same CE/lane also verified by gold stain total protein. Actin detection was done on the replicate half blot in panel (B) that also 
shows the Tag band only in proliferating lanes 0 and Re0. (C) Proliferating FU-CJD cells contain PrP as well as PrP-res in proteinase K (PK) digested (+) lanes loaded 
with 2x the PrP load (E5 CE). PrP, Actin, and SV40 Tag bands detected on this same blot show equal actin loads and Tag again in these FU-CJD arrested cells is 
seen only in proliferating samples (lanes 0 and Re0). FU-CJD arrested cells show less PrP than uninfected arrested cells (panel A, p7), e.g., or p21 and p25 
uninfected cells (data not shown). The % PrP-res (of total PrP) is highest at day 0 (70%) in FU-CJD arrested cells and steadily decreased (day 7 = 30%, day 
14 = 20%, days 21 and 28 = 7%). Previous infectivity assays on these SEP infected proliferating day 0 cells yielded low but positive infectivity (0.4 TCID/cell; 
Miyazawa et al., 2012). kDa markers on left are 150, 100, 75 (double dots), 50, 37 25, 20, 15, and 10.
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level than the 20–30 fold RNA elevations seen in uninfected 
cells from p7 to p25 (Figure  1, panel C). These low PrP 
mRNAs levels correspond well with the reduced protein levels. 
Furthermore, arrested FU-CJD cells did not sustain a significant 
elevation in PrP mRNA at later time points, unlike uninfected 
cells. Arrested CJD cells also showed no significant changes 
in Actin mRNA (panel A), SV40 Tag (panel B), or IFN-β 
(panel D), and all these panels yielded the same 1x amounts 
as their proliferating controls (blue and red lines, respectively, 
in Figure  3).

mRNAs in Re-arrested FU-CJD Cells Show 
a Different Pattern of PrP, Tag, and IFN-β
Figure  3 panels show p17 control FU-CJD proliferating cell 
RNAs in red. These 1x RNA levels were the same as the 
uninfected controls run in parallel with each other during 
RT/qPCR; this allowed direct cross comparisons of the various 
RNAs in uninfected and infected cells. While actin RNA levels 
were not significantly changed in any FU-CJD infected cells 
(panel A), other markers revealed distinct patterns and 
quantitative amounts compared to uninfected controls and to 
each other. PrP mRNA in re-arrested FU-CJD cells (purple 
line), as in arrested CJD cells, showed a much smaller increase 
with arrest when compared to uninfected cells. In Figure  3, 
panel C, this increase reached only 5.4x of the non-arrested 
FU-CJD controls at 6 days and was not sustained, unlike the 

sustained large increases in uninfected cells that rose to ~30 
fold in p7, p21, and p25 cells. These data strongly indicate 
that FU-CJD agent infection can limit host PrP production, 
and consequently limit agent replication. The PrP mRNA 
reductions FU-CJD could involve transcriptional inhibition or 
enhanced mRNA destruction. These FU-CJD cells were taken 
at p17, well before there was any reduced PrP responsiveness 
of SEP cells.

Unlike Tag mRNA in FU-CJD proliferating and arrested 
cells, re-arrested FU-CJD cells showed a transient small 4-fold 
increase at 6 days (purple line, panel B). The elevated Tag 
RNA at 6 days in these cells could lead to increased Tag protein 
synthesis at later arrest days, and additionally influence other 
transcriptional changes associated with cell proliferation and/
or stimulation of known interferon pathways, e.g., STAT/
JAK activation.

Most remarkable was the huge increase in IFN-β RNA that 
far exceeded the Tag mRNA elevation. Figure  3, panel D, 
shows that re-arrested FU-CJD cells displayed enormous and 
persistent levels of interferon mRNA (40–68-fold) that could 
not be  accounted for by the transient 4x Tag RNA elevation. 
IFN-β mRNA elevations in re-arrested FU-CJD cells were much 
higher than the highest 8-fold IFN-β RNA rise obtained in 
uninfected cells. FU-CJD proliferating and arrested cells showed 
no significant elevation of IFN-β. To further verify the enormous 
IFN-β RNA levels detected in early and late re-arrested FU-CJD 
cells, we evaluated transcription of the interferon-sensitive gene 
2′-5’oligoadenylate synthetase (OAS). At 200 ng RNA input, 
the 0 day proliferating samples repeatedly showed only a 
questionable positive or no response (Cq of 34–36). In contrast, 
far fewer PCR cycles gave strong positive signals at 6 days 
(Cq of 30) and at 33 days (Cq of 26), representing a 7.8-fold 
relative rise in OAS between 6 and 33 days, verifying IFN-β 
gene stimulation. Because Tag mRNA was not elevated at 
33 days, the 33-day OAS elevation could not be  caused by Tag 
mRNA or protein. To clarify a direct role of the infectious 
CJD agent, we  evaluated both PrP/PrP-res in addition to 
infectious titers in re-arrested FU-CJD cells at 12 and 33 days.

PrP Protein Changes and Infectious Titers 
of Re-arrested FU-CJD Cells
Figure  4A shows PrP and PrP-res (+ lanes) in a western blot 
of re-arrested FU-CJD cells at days 0, 12, and 33. The inset 
shows the Tag protein band in re-arrested FU-CJD at 12 and 
33 days after re-arrest. No other arrested samples displayed 
this Tag band. Interestingly, Tag mRNA was not significantly 
increased at these days, making it is likely that the infectious 
agent itself, or other factors that it induces, stimulated Tag 
protein production (see section Discussion). PrP in these 
re-arrested cells, as in the arrested proliferating FU-CJD cells, 
was also comparatively reduced, yielding a 3.5x increase in 
PrP at 12 days, and only 7x by 33 days, again much lower 
than the ~30x levels of uninfected cells. The %PrP-res in these 
samples also progressively decreased during arrest. The highest 
%PrP-res is seen on day 0 (44%) while after re-arrest it declined 
by day 12 to 7% and by day 33 to only 3%.

A B

C D

FIGURE 3 | FU-CJD infected SEP mRNAs. The graphs show the fold mRNA 
change for (A) β-actin, (B) SV40 Tag, (C) PrP and (D) Interferon-β in arrested 
and re-arrested FU-CJD cells as compared to FU-CJD proliferating cells. 
mRNAs are shown (mean and SEM on same number of samples as in 
Figure 1). The low IFN-β value at day 26 may show a transient change, or, 
more likely a non-responding flask.
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Despite declining % PrP-res, the tissue culture infectious 
dose (TCID) increased significantly with re-arrest. Proliferating 
FU-CJD cells contained only 0.4 TCID/cell, whereas re-arrested 
cells showed 1 TCID/cell at 12 days, and by 33 days this increased 
10 fold to 10 TCID/cell, i.e., an increase in infectivity of 25 
fold. Figure  4, panel B, shows the TCID infectivity assay at 
12 days and 33 days in re-arrested FU-CJD cells. De novo PrP-res 
was elicited only by infectious SEP samples in GT1 indicator 
cells, as previously described (Miyazawa et  al., 2012), whereas 
infected cell homogenates display truncated PrP-res bands in 
the + lanes. As early as p2 after applying E4 cells from the 
12 and 33 day samples, there is clear evidence of elicited de 
novo PrP-res at ≥5% in both samples; in these assays had 
values of 4–20% are in the quantitative TCID range of this 
assay. The duplicate re-arrested assay samples at p12 show a 
lower percent of de novo PrP-res (5.3 and 5.9% lanes) than 
at 33 days (9.5 and 9%), and re-arrested day 33 SEP cells at 
a 10-fold dilution (E3) do not yet show a PrP-response in 
the linear range (nd duplicate lanes with 1.3% PrP-res in each 
lane). Animal assays of infected cells have previously shown 
this TCID assay yields essentially the same infectivity levels 
as standard animal assays (Arjona et  al., 2004). The high 
infectivity in SEP re-arrested cells at 33 days showed a low 
%PrP-res that did not predict the high titer of agent assayed. 
In fact, %PrP-res can be  as high as 55% in both FU-CJD and 
kuru infections of neural GT1 mouse neuronal cells, yet kuru 

contains 1/100th the titer of FU-CJD in these cells (Miyazawa 
et  al., 2011). More importantly, the huge IFN-β responses in 
re-arrested FU-CJD cells could not be  attributed to PrP-res; 
FU-CJD proliferating and arrested cells both displayed a higher 
%PrP-res than re-arrested cells, yet both failed to increase 
IFN-β mRNA (see Figure  2 panel C and Figure  3 panel C).

DISCUSSION

The above data highlight three key changes induced by high 
titers of FU-CJD agent in re-arrested neuronal SEP cells: (1) 
enormous elevations of IFN-β RNA, (2) significantly diminished 
transcription of host PrP mRNA and protein production, and 
(3) the reappearance of Tag protein in re-arrested highly 
infectious cells. Unlike the PrP changes seen in both mRNA 
and protein, Tag protein reappeared only in re-arrested cells 
when Tag mRNA was low, underscoring the power of parallel 
RNA and protein measurements for identifying transcriptional 
versus translational controls. Delineation of sequential responses 
in neuronal lineage cells additionally uncovered major differences 
in immediate versus sustained molecular responses.

Unlike infected brain tissue which represents a diverse ecosystem 
of cell types that generally display only 2–4-fold mRNA changes 
(e.g., Kanata et  al., 2019), infected neuronal SEP cells  
showed strikingly large changes in PrP and IFN-β mRNAs.  

A B

FIGURE 4 | Panel (A) Representative Western blots of re-arrested infected FU-CJD cells at days indicated. Day 0 sample with parallel flasks arrested for 12 and 
33 days. SEP cells show undigested PrP (E5 CE/lane) and adjacent PK+ lanes (+) have 2E5 CE/lane. PrP amounts increase to only 3.5 and 7x after 12 and 33 days 
of re-arrest. The % PrP-res (+ lanes) at day 0 is 44%, at day 12 is 7% and by day 33 decreases to 3%. The inset shows these re-arrested FU-CJD no longer inhibit 
Tag (T) unlike all other arrested cells. Tu is tubulin for load comparison. The inset in this blot shows tubulin (Tu) at days 0, 12 and 33 and confirms the lower cell load 
used for PrP quantitation. Panel (B) Assay of infectious titers at 12 and 33 days after arrest by quantitative de novo PrP production as described (Miyazawa et al., 
2012). As early as p2, exposure to E4 re-arrested cells already show a TCID/cell of 1 at 12 days and this increases to and 10TCID/cell by 33 days; Cells exposed to 
10-fold fewer re-arrested cells (E3) display low de novo PrP-res with a value not yet in the linear range for TCID quantitation (Liu et al., 2008). PK+ lanes are loaded 
at 8x the undigested lanes. %PrP-res is show below the blot with corresponding TCID/cell. Markers 25 kDa and 75 kDa are indicated by horizontal lines.
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Although prior analyses of purified infected microglia did not 
show any changes in PrP or IFN-β RNAs, they did show large 
elevations in innate immune inflammatory transcripts. These 
changes are biologically meaningful because they were detected 
in FU-CJD infected brains as early as 10–30 days after infection 
(Lu et  al., 2004). Uninfected carrier brain did not show these 
changes. These previously characterized isolated microglial and 
whole brain responses underscore host recognition of the FU-CJD 
agent as a foreign entity. The huge IFN-β mRNA elevations 
induced by the FU-CJD agent in neuronal SEP cells is also 
typical for a host innate response to a foreign pathogen, one 
that is known to create a broad antiviral state involving many 
genes (Nagarajan, 2011; An et  al., 2019).

Cell type comparisons are valuable for dissecting the role 
of different specialized cells in pathogenesis. The IFN-β mRNA 
elevations, as well as the PrP mRNA and protein reductions, 
may be  specific for neuronal lineage cells because they are 
not found in microglial cells (Baker et al., 2004). The widespread, 
persistent human polyoma BKV virus can remain asymptomatic 
for many years, and it induces distinct interferon-related responses 
in different cell types that were related to persistence (An 
et  al., 2019). In FU-CJD, different response patterns between 
long-lived non-proliferating microglia and re-arrested neuronal 
cells indicate distinct cellular roles in persistence and disease 
progression. Even with high RNA inputs for reverse transcription, 
IFN-β mRNA was undetectable in isolated brain microglia that 
contained high levels of FU-CJD infectivity by animal assay 
(Baker et  al., 2004). For reference, FU-CJD infected mouse 
brain contains ~1 LD50/cell, equivalent to the infectivity of 
microglia (1 TCID/cell). Although highly infectious microglia 
contained barely detectable levels of host PrP, and no detectable 
misfolded PrP-res even at high gel loads, they mounted a 
complex transcriptional response to infection. This included 
>10-fold levels of interferon-responsive and innate immune 
pathway RNAs, such as CD72, when measured against noninfected 
non-migratory microglia (Baker et  al., 2004). These innate 
immune RNA changes were not reproduced by misfolded PrP-res 
even when PrP-res was applied in large amounts to uninfected 
microglia. The inflammatory and interferon stimulatory pathways 
induced in microglia by the FU-CJD agent without an IFN-β 
RNA response indicate microglia, as long-lived myeloid dendritic 
cells, can recognize but not fully respond to a foreign TSE 
infectious particle. This is consistent with their role as reservoirs 
for agent persistence, one that can span >35 years in asymptomatic 
humans (Croes et  al., 2002). The low PrP content of long-lived 
microglia and dendritic myeloid cells, in addition to their 
phenotypic characteristics, may also make them unable to 
support productive agent replication. In contrast, re-arrested 
neuronal SEP cells produced 25-fold increases in the FU-CJD 
agent in 33 days, i.e., 10x the infectivity/cell of brain. Clearly 
neurons bear the brunt of productive infection.

One other group has investigated IFN pathways using neural 
lineage cells: murine neuroblastoma N2a-58 cells persistently 
infected with 22 L scrapie (Ishibashi et  al., 2019). These 
proliferating cells were never tested for neural differentiation 
or sustained effects, unlike SEP cells above, and their infectivity 
was not reported. N2a-58 cells infected with the 22 L scrapie 

agent in our lab have been biologically heterogeneous, as 
would be  expected for malignant tumor cells, and single cell 
subclones yielded relatively low and variable infectious 22 L 
scrapie titers ranging from only 0.1 to <0.001 TCID/cell (Liu 
et  al., 2008). In contrast, naive, newly infected SEP cells 
(Miyazawa et  al., 2012) as well as re-arrested FU-CJD SEP 
cells above reproducibly contain 1–10 TCID/cell, considerably 
greater than our 22 L scrapie N2a-58 cells. Such differences 
between SEP cells and 22 L scrapie N2a-58 neuroblastoma 
cells may explain why IFN-β RNA expression was so different 
in our experiments. For example, other’s infected N2a-58 cells 
showed a small 2-fold decrease in IFN-β RNA (Ishibashi et al., 
2019), in sharp contrast to the sustained 40-68x-fold increase 
in IFN-β RNA signals in high-titer re-arrested SEP cells. Those 
authors also concluded that “infectious prions, i.e., PK resistant 
PrPsc (PrP-res), cause the suppression of endogenous interferon 
expression.” However, recombinant IFN-β applied to their 22 l 
scrapie N2a-58 cells reduced PrP-res by 50% at 48 h, suggesting 
that the broad transcriptional effects of IFN-β peptide reduced 
PrP-res, not vice versa. In SEP cells the 68-fold increase in 
IFN-β mRNA was provoked only by the highest titer 33-day 
re-arrested cells, not low titer persistently infected cells, and 
FU-CJD proliferating and arrested cells with low infectivity, 
but visible PrP-res bands, produced no change in IFN-β 
mRNA. Finally, a lower 8-fold increase in IFN-β RNA, not 
related to the initial, possibly stressful shift in temperature/
serum used to induce arrest, was sustained in uninfected 
differentiated SEP cells. This raises the possibility that this 
cytokine may participate in neural differentiation.

In contrast to IFN-β mRNA elevations, FU-CJD inhibited the 
PrP mRNA changes induced by arrest. Whereas uninfected SEP 
cells stably produced 30-fold increases in PrP mRNA when arrested 
at passages 7 through 25, the arrested and re-arrested p17 FU-CJD 
SEP cells produced only 2.5–5.4-fold PrP mRNA elevations, 
respectively. Uninfected cells also sustained high levels of PrP 
mRNA for 26 days whereas the arrested and re-arrested FU-CJD 
cells showed only a transient early increase in PrP mRNA with 
a rapid decline to ≤2 fold. Protein synthesis was also sharply 
decreased. This PrP reduction might limit susceptibility to further 
infection. However, these reductions in PrP mRNA and protein 
were insufficient to inhibit substantial agent replication as 
demonstrated in infectivity assays. The presence of PrP-res in 
FU-CJD proliferating cells also had no effect on PrP mRNA and 
displayed the same 1x level as uninfected proliferating cells without 
PrP-res. A quite different host anti-FU-CJD agent response was 
observed previously in arrested FU-CJD infected cells maintained 
for 200 days. These SEP cells accumulated huge amounts of PrP-res, 
and eventually eliminated all five logs of infectivity (Miyazawa 
et  al., 2012). This accumulated old PrP-res was not infectious. 
Instead, these PrP-res amyloid fibrils can trap infectious agent 
particles and eventually eliminate them as part of a final host defence.

The third key finding was the reappearance of Tag in FU-CJD 
re-arrested cells with high infectivity. This proliferative effect 
was seen at the protein, not transcriptional level. SEP cells 
infected with CJD have previously shown increased proliferation 
at later passages when compared with uninfected controls 
(Miyazawa et  al., 2012). CJD infection can lead to increased 
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cellular proliferation in cell lines with transformation effects 
sufficient to produce large tumors in animals (Manuelidis et al., 
1987, 1988). This data again suggests that TSE agents can turn 
on cellular proliferative genes, as do persistent polyoma DNA 
viral infections (An et  al., 2019). Cellular proliferation also 
critically changes the effective doubling times (ti) of TSE agents; 
in wild type mice agent doubling times in brain are prolonged, 
and different strains show doubling times that range from 6.7 
to 33 days (Miyazawa et al., 2011). Re-arrested SEP cells showed 
a 25-fold increase in FU-CJD agent titer over 33 days, yielding 
an agent ti doubling time of 4.6 days, shorter than the ti of 
6.7 days of FU-CJD agent in mouse brain, but still prolonged. 
In contrast, when FU-CJD and other TSE agents are transferred 
to dividing GT1 neuronal cells they all show a ti of only 1 day, 
and this parallels the doubling time of their host GT1 cells 
(Miyazawa et al., 2011). TSE agent doubling times are therefore 
intimately linked to cellular DNA proliferation and its polymerases. 
Finally, IFN-β induces a cascade of transcriptional and other 
innate immune response genes that are virucidal for RNA 
viruses, yet DNA viruses, such as human polyoma BKV, can 
induce an antiviral interferon state yet continue to persist (An 
et  al., 2019). This points to a DNA rather than an RNA as 
the nucleic acid essential for TSE particle infection. Indeed, 
highly infectious particle preparations have negligible RNA but 
contain a variety of DNAs including circular DNAs that have 
an environmental origin (Manuelidis, 2011). When these DNAs 
are destroyed, infectious particles lose ~3 logs of infectivity.

RNA-seq can give a far more complete picture of the pathways 
involved in agent-host interactions in FU-CJD infected SEP cells 
and illuminate specific pathways that induce IFN-β mRNA 
elevations. A virus induced reduction of its own targeted viral 
attachment molecule, as host PrP, by transcriptional silencing 
may be rare. Instead, PrP mRNA degradation may have a greater 
role in FU-CJD induced PrP reductions. Epigenetic RNA 
modifications can have strong effects on mRNA stability, and 
include chemical methylated base changes, modification inducers, 
destabilization enzymes and erasers (Boo and Kim, 2020), and 
viruses can manipulate mRNA decay through such changes 
(Narayanan and Makino, 2013). In progressive sCJD mouse 
brain infection, elevated RNA editing transcripts that can contribute 
to mRNA breakdown have been identified (Kanata et  al., 2019).

Phase separation studies of viral components show they 
can interact with host proteins to hijack host cell functions 
(Saito et  al., 2021) or inhibit immune recognition by the host 
(e.g., Heinrich et  al., 2018). Host DNA sensors are cytosolic 
(as are TSE infectious particles) and can respond to viral DNA 
and induce IFN-β (Nagarajan, 2011). An FU-CJD DNA might 
be  exposed during particle-PrP interactions to induce IFN-β. 

Phase separation studies can also facilitate identification of 
other proteins that interact with TSE particle nucleic acids to 
inhibit progressive agent replication and protection. In contrast, 
late stage aggregates of PrP amyloid, as other amyloids and 
fibrillary tangles, remain flags of a sinking ship that gives no 
clue about the initiating causes of later neurodegeneration. In 
TSEs, the initiating cause is clearly an infectious agent with 
viral characteristics. Given the evidence, interrogating virus-like 
particles for their associated molecules, including nucleic acids, 
will lead to a better understanding of TSE pathogenesis and 
complex agent-host interactions in different cell types. Such 
interrogations can reveal a broader group of molecular targets 
for effective therapy at latent non-symptomatic stages of disease.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included 
in the article/Supplementary Material, and further inquiries 
can be  directed to the corresponding author.

AUTHOR CONTRIBUTIONS

GA and NP performed the majority of RNA and RT/qPCR, 
protein blot, tissue culture, infectivity assays, and also contributed 
to data analysis. LM designed the project experiments, analyzed 
data, prepared data presentation, and wrote the manuscript. All 
authors contributed to the article and approved the submitted version.

FUNDING

This work was supported by the William H. Prusoff Foundation.

ACKNOWLEDGMENTS

We thank Jim Pipas for his informative and helpful conversations, 
and John N. Davis and Declan McGoune for valuable manuscript 
clarification suggestions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be  found  
online at: https://www.frontiersin.org/articles/10.3389/fphys. 
2022.837662/full#supplementary-material

 

REFERENCES

Adriaansen, J., Fallaux, F. J., de Cortie, C. J., Vervoordeldonk, M. J., and 
Tak, P. P. (2007). Local delivery of beta interferon using an adeno-associated 
virus type 5 effectively inhibits adjuvant arthritis in rats. J. Gen. Virol. 88, 
1717–1721. doi: 10.1099/vir.0.82603-0

An, P., Saenz Robles, M. T., Duray, A. M., Cantalupo, P. G., and Pipas, J. M. 
(2019). Human polyomavirus BKV infection of endothelial cells results in 

interferon pathway induction and persistence. PLoS Pathog. 15:e1007505. 
doi: 10.1371/journal.ppat.1007505

Arjona, A., Simarro, L., Islinger, F., Nishida, N., and Manuelidis, L. (2004). 
Two Creutzfeldt-Jakob disease agents reproduce prion protein-independent 
identities in cell cultures. Proc. Natl. Acad. Sci. U. S. A. 101, 8768–8773. 
doi: 10.1073/pnas.0400158101

Baker, C., Lu, Z., and Manuelidis, L. (2004). Early induction of interferon-
responsive mRNAs in Creutzfeldt-Jakob disease. J. Neurovirol. 10, 29–40. 
doi: 10.1080/13550280490261761

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://www.frontiersin.org/articles/10.3389/fphys.2022.837662/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2022.837662/full#supplementary-material
https://doi.org/10.1099/vir.0.82603-0
https://doi.org/10.1371/journal.ppat.1007505
https://doi.org/10.1073/pnas.0400158101
https://doi.org/10.1080/13550280490261761


Aguilar et al. CJD, Interferon-β and Prion Protein

Frontiers in Physiology | www.frontiersin.org 11 February 2022 | Volume 13 | Article 837662

Baker, C. A., Martin, D., and Manuelidis, L. (2002). Microglia from Creutzfeldt-
Jakob disease-infected brains are infectious and show specific mRNA activation 
profiles. J. Virol. 76, 10905–10913. doi: 10.1128/jvi.76.21.10905-10913.2002

Barron, R. M., King, D., Jeffrey, M., McGovern, G., Agarwal, S., Gill, A. C., 
et al. (2016). PrP aggregation can be  seeded by pre-formed recombinant 
PrP amyloid fibrils without the replication of infectious prions. Acta 
Neuropathol. 132, 611–624. doi: 10.1007/s00401-016-1594-5

Boo, S. H., and Kim, Y. K. (2020). The emerging role of RNA modifications 
in the regulation of mRNA stability. Exp. Mol. Med. 52, 400–408. doi: 
10.1038/s12276-020-0407-z

Botsios, S., and Manuelidis, L. (2016). CJD and Scrapie require agent-associated 
nucleic acids for infection. J. Cell. Biochem. 117, 1947–1958. doi: 10.1002/
jcb.25495

Büeler, H., Aguzzi, A., Sailer, A., Greiner, R.-A., Autenried, P., Auget, M., et al. 
(1993). Mice devoid of PrP are resistant to scrapie. Cell 73, 1339–1347. 
doi: 10.1016/0092-8674(93)90360-3

Castle, A. R., and Gill, A. C. (2017). Physiological functions of the cellular 
prion protein. Front. Mol. Biosci. 4:19. doi: 10.3389/fmolb.2017.00019

Choi, E. M., Geschwind, M. D., Deering, C., Pomeroy, K., Kuo, A., Miller, B. L., 
et al. (2009). Prion proteins in subpopulations of white blood cells from 
patients with sporadic Creutzfeldt-Jakob disease. Lab. Invest. 89, 624–635. 
doi: 10.1038/labinvest.2009.30

Croes, E. A., Roks, G., Jansen, G. H., Nijssen, P. C., and van Duijn, C. M. 
(2002). Creutzfeldt-Jakob disease 38 years after diagnostic use of human growth 
hormone. J. Neurol. Neurosurg. Psychiatry 72, 792–793. doi: 10.1136/jnnp.72.6.792

Delhaye, S., Paul, S., Blakqori, G., Minet, M., Weber, F., Staeheli, P., et al. 
(2006). Neurons produce type I  interferon during viral encephalitis. Proc. 
Natl. Acad. Sci. U. S. A. 103, 7835–7840. doi: 10.1073/pnas.0602460103

do Amaral, M. J., and Cordeiro, Y. (2021). Intrinsic disorder and phase transitions: 
pieces in the puzzling role of the prion protein in health and disease. Prog. 
Mol. Biol. Transl. Sci. 183, 1–43. doi: 10.1016/bs.pmbts.2021.06.001

Douet, J. Y., Lacroux, C., Litaise, C., Lugan, S., Corbiere, F., Arnold, M., et al. 
(2016). Mononucleated blood cell populations display different abilities to 
transmit prion disease by the transfusion route. J. Virol. 90, 3439–3445. 
doi: 10.1128/JVI.02783-15

Eklund, C. M., Kennedy, R. C., and Hadlow, W. J. (1967). Pathogenesis of 
scrapie virus infection in the mouse. J. Infect. Dis. 117, 15–22. doi: 10.1093/
infdis/117.1.15

Eves, E., Kwon, J., Downen, M., Tucker, M., Wainer, B., and Rosner, M. (1994). 
Conditional immortalization of neuronal cells from postmitotic cultures and 
adult CNS. Brain Res. 656, 396–404. doi: 10.1016/0006-8993(94)91484-2

Gajdusek, D. C. (1977). Unconventional viruses and the origin and disappearance 
of kuru. Science 197, 943–960. doi: 10.1126/science.142303

Heinrich, B. S., Maliga, Z., Stein, D. A., Hyman, A. A., and Whelan, S. P. 
J. (2018). Phase transitions drive the formation of vesicular stomatitis 
virus replication compartments. mBio 9:e02290–e022917. doi: 10.1128/
mBio.02290-17

Hilton, D. A., Sutak, J., Smith, M. E., Penney, M., Conyers, L., Edwards, P., 
et al. (2004). Specificity of lymphoreticular accumulation of prion protein 
for variant Creutzfeldt-Jakob disease. J. Clin. Pathol. 57, 300–302. doi: 10.1136/
jcp.2003.012278

Hou, F., Sun, L., Zheng, H., Skaug, B., Jiang, Q. X., and Chen, Z. J. (2011). 
MAVS forms functional prion-like aggregates to activate and propagate antiviral 
innate immune response. Cell 146, 448–461. doi: 10.1016/j.cell.2011.06.041

Ishibashi, D., Homma, T., Nakagaki, T., Fuse, T., Sano, K., Satoh, K., et al. 
(2019). Type I  interferon protects neurons from prions in in  vivo models. 
Brain 142, 1035–1050. doi: 10.1093/brain/awz016

Kanata, E., Llorens, F., Dafou, D., Dimitriadis, A., Thune, K., Xanthopoulos, K., 
et al. (2019). RNA editing alterations define manifestation of prion diseases. 
Proc. Natl. Acad. Sci. U. S. A. 116, 19727–19735. doi: 10.1073/pnas.1803521116

Kipkorir, T., Tittman, S., Botsios, S., and Manuelidis, L. (2014). Highly infectious 
CJD particles lack prion protein but contain many viral-linked peptides by 
LC-MS/MS. J. Cell. Biochem. 115, 2012–2021. doi: 10.1002/jcb.24873

Lieberburg, I. (1987). Developmental expression and regional distribution of 
the scrapie-associated protein mRNA in the rat central nervous system. 
Brain Res. 417, 363–366. doi: 10.1016/0006-8993(87)90465-3

Linden, R. (2017). The biological function of the prion protein: A cell surface 
scaffold of signaling modules. Front. Mol. Neurosci. 10, 77. doi: 10.3389/
fnmol.2017.00077

Liu, Y., Sun, R., Chakrabarty, T., and Manuelidis, L. (2008). A rapid accurate 
culture assay for infectivity in transmissible Encephalopathies. J. Neurovirol. 
14, 352–361. doi: 10.1080/13550280802105283

Lu, Z. H., Baker, C., and Manuelidis, L. (2004). New molecular markers of 
early and progressive CJD brain infection. J. Cell. Biochem. 93, 644–652. 
doi: 10.1002/jcb.20220

Manson, J., West, J., Thomson, V., McBride, P., Kaufman, M., and Hope, J. 
(1992). The prion protein gene: a role in mouse embryogenesis? Development 
115, 117–122. doi: 10.1242/dev.115.1.117

Manuelidis, E., Fritch, W., Kim, J., and Manuelidis, L. (1987). Immortality of 
cell cultures derived from brains of mice and hamsters infected with 
Creutzfeldt-Jakob disease agent. Proc. Natl. Acad. Sci. 84, 871–875. doi: 
10.1073/pnas.84.3.871

Manuelidis, E. E., Gorgacz, E. J., and Manuelidis, L. (1978). Viremia in 
experimental Creutzfeldt-Jakob disease. Science 200, 1069–1071. doi: 10.1126/
science.349691

Manuelidis, E. E., Kim, J. H., Mericangas, J. R., and Manuelidis, L. (1985). 
Transmission to animals of Creutzfeldt-Jakob disease from human blood. 
Lancet 326, 896–897. doi: 10.1016/S0140-6736(85)90165-5

Manuelidis, L. (2007). A 25  nm virion is the likely cause of transmissible 
spongiform encephalopathies. J. Cell. Biochem. 100, 897–915. doi: 10.1002/
jcb.21090

Manuelidis, L. (2010). Transmissible encephalopathy agents: virulence, geography 
and clockwork. Virulence 1, 101–104. doi: 10.4161/viru.1.2.10822

Manuelidis, L. (2011). Nuclease resistant circular DNAs copurify with infectivity 
in scrapie and CJD. J. Neurovirol. 17, 131–145. doi: 10.1007/s13365-010-0007-0

Manuelidis, L. (2013). Infectious particles, stress, and induced prion amyloids: 
a unifying perspective. Virulence 4, 373–383. doi: 10.4161/viru.24838

Manuelidis, L., Chakrabarty, T., Miyazawa, K., Nduom, N. A., and Emmerling, K. 
(2009a). The kuru infectious agent is a unique geographic isolate distinct 
from Creutzfeldt-Jakob disease and scrapie agents. Proc. Natl. Acad. Sci.  
U. S. A. 106, 13529–13534. doi: 10.1073/pnas.0905825106

Manuelidis, L., Fritch, W., and Xi, Y. G. (1997). Evolution of a strain of CJD 
that induces BSE-like plaques. Science 277, 94–98. doi: 10.1126/
science.277.5322.94

Manuelidis, L., Liu, Y., and Mullins, B. (2009b). Strain-specific viral properties 
of variant Creutzfeldt-Jakob disease (vCJD) are encoded by the agent and 
not by host prion protein. J. Cell. Biochem. 106, 220–231. doi: 10.1002/jcb.21988

Manuelidis, L., and Lu, Z. Y. (2003). Virus-like interference in the latency and 
prevention of Creutzfeldt-Jakob disease. Proc. Natl. Acad. Sci. U. S. A. 100, 
5360–5365. doi: 10.1073/pnas.0931192100

Manuelidis, L., Murdoch, G., and Manuelidis, E. (1988). Potential involvement 
of retroviral elements in human dementias. Ciba Found. Symp. 135, 117–134

Manuelidis, L., Yu, Z.-X., Barquero, N., and Mullins, B. (2007). Cells infected 
with scrapie and Creutzfeldt-Jakob disease agents produce intracellular 25-
nm virus-like particles. Proc. Natl. Acad. Sci. U. S. A. 104, 1965–1970. doi: 
10.1073/pnas.0610999104

Matos, C. O., Passos, Y. M., do Amaral, M. J., Macedo, B., Tempone, M. H., 
Bezerra, O. C. L., et al. (2020). Liquid-liquid phase separation and fibrillation 
of the prion protein modulated by a high-affinity DNA aptamer. FASEB J. 
34, 365–385. doi: 10.1096/fj.201901897R

Miyazawa, K., Emmerling, K., and Manuelidis, L. (2010). Proliferative arrest 
of neural cells induces prion protein synthesis, nanotube formation, and 
cell-to-cell contacts. J. Cell. Biochem. 111, 239–247. doi: 10.1002/jcb.22723

Miyazawa, K., Emmerling, K., and Manuelidis, L. (2011). Replication and spread 
of CJD, kuru and scrapie agents in  vivo and in cell culture. Virulence 2, 
188–199. doi: 10.4161/viru.2.3.15880

Miyazawa, K., Kipkorir, T., Tittman, S., and Manuelidis, L. (2012). Continuous 
production of prions after infectious particles are eliminated: implications 
for Alzheimer's disease. PLoS One 7:e35471. doi: 10.1371/journal.pone.0035471

Nagarajan, U. (2011). Induction and function of IFNbeta during viral and 
bacterial infection. Crit. Rev. Immunol. 31, 459–474. doi: 10.1615/
critrevimmunol.v31.i6.20

Narayanan, K., and Makino, S. (2013). Interplay between viruses and host 
mRNA degradation. Biochim. Biophys. Acta 1829, 732–741. doi: 10.1016/j.
bbagrm.2012.12.003

Nikitina, E., Larionova, I., Choinzonov, E., and Kzhyshkowska, J. (2018). 
Monocytes and macrophages as viral targets and reservoirs. Int. J. Mol. Sci. 
19. doi: 10.3390/ijms19092821

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1128/jvi.76.21.10905-10913.2002
https://doi.org/10.1007/s00401-016-1594-5
https://doi.org/10.1038/s12276-020-0407-z
https://doi.org/10.1002/jcb.25495
https://doi.org/10.1002/jcb.25495
https://doi.org/10.1016/0092-8674(93)90360-3
https://doi.org/10.3389/fmolb.2017.00019
https://doi.org/10.1038/labinvest.2009.30
https://doi.org/10.1136/jnnp.72.6.792
https://doi.org/10.1073/pnas.0602460103
https://doi.org/10.1016/bs.pmbts.2021.06.001
https://doi.org/10.1128/JVI.02783-15
https://doi.org/10.1093/infdis/117.1.15
https://doi.org/10.1093/infdis/117.1.15
https://doi.org/10.1016/0006-8993(94)91484-2
https://doi.org/10.1126/science.142303
https://doi.org/10.1128/mBio.02290-17
https://doi.org/10.1128/mBio.02290-17
https://doi.org/10.1136/jcp.2003.012278
https://doi.org/10.1136/jcp.2003.012278
https://doi.org/10.1016/j.cell.2011.06.041
https://doi.org/10.1093/brain/awz016
https://doi.org/10.1073/pnas.1803521116
https://doi.org/10.1002/jcb.24873
https://doi.org/10.1016/0006-8993(87)90465-3
https://doi.org/10.3389/fnmol.2017.00077
https://doi.org/10.3389/fnmol.2017.00077
https://doi.org/10.1080/13550280802105283
https://doi.org/10.1002/jcb.20220
https://doi.org/10.1242/dev.115.1.117
https://doi.org/10.1073/pnas.84.3.871
https://doi.org/10.1126/science.349691
https://doi.org/10.1126/science.349691
https://doi.org/10.1016/S0140-6736(85)90165-5
https://doi.org/10.1002/jcb.21090
https://doi.org/10.1002/jcb.21090
https://doi.org/10.4161/viru.1.2.10822
https://doi.org/10.1007/s13365-010-0007-0
https://doi.org/10.4161/viru.24838
https://doi.org/10.1073/pnas.0905825106
https://doi.org/10.1126/science.277.5322.94
https://doi.org/10.1126/science.277.5322.94
https://doi.org/10.1002/jcb.21988
https://doi.org/10.1073/pnas.0931192100
https://doi.org/10.1073/pnas.0610999104
https://doi.org/10.1096/fj.201901897R
https://doi.org/10.1002/jcb.22723
https://doi.org/10.4161/viru.2.3.15880
https://doi.org/10.1371/journal.pone.0035471
https://doi.org/10.1615/critrevimmunol.v31.i6.20
https://doi.org/10.1615/critrevimmunol.v31.i6.20
https://doi.org/10.1016/j.bbagrm.2012.12.003
https://doi.org/10.1016/j.bbagrm.2012.12.003
https://doi.org/10.3390/ijms19092821


Aguilar et al. CJD, Interferon-β and Prion Protein

Frontiers in Physiology | www.frontiersin.org 12 February 2022 | Volume 13 | Article 837662

Nishida, N., Katamine, S., and Manuelidis, L. (2005). Reciprocal interference 
between specific CJD and scrapie agents in neural cell cultures. Science 
310, 493–496. doi: 10.1126/science.1118155

Pagano, N., Laurent-Rolle, M., Hsu, J. C.-C., the Yale IMPACT Research Team, 
Vogels, C. B. F., Grubaugh, N. D., et al. (2020). Long SARS-CoV-2 nucleocapsid 
sequences in blood monocytes collected soon after hospital admission. 
bioRxiv [Preprint]. doi: 10.1101/2020.12.16.423113

Paul, S., Ricour, C., Sommereyns, C., Sorgeloos, F., and Michiels, T. (2007). 
Type I  interferon response in the central nervous system. Biochimie 89, 
770–778. doi: 10.1016/j.biochi.2007.02.009

Perelygin, A. A., Zharkikh, A. A., Scherbik, S. V., and Brinton, M. A. (2006). 
The mammalian 2'-5' oligoadenylate synthetase gene family: evidence for 
concerted evolution of paralogous Oas1 genes in Rodentia and Artiodactyla. 
J. Mol. Evol. 63, 562–576. doi: 10.1007/s00239-006-0073-3

Prusiner, S. (1998). The Nobel lecture: prions. Proc. Natl. Acad. Sci. U. S. A. 
95, 13363–13383. doi: 10.1073/pnas.95.23.13363

Radebold, K., Chernyak, M., Martin, D., and Manuelidis, L. (2001, 2001). 
Blood borne transit of CJD from brain to gut at early stages of infection. 
BMC Infect. Dis. 1, 1–5. doi: 10.1186/1471-2334-1-20

Saito, A., Shofa, M., Ode, H., Yumiya, M., Hirano, J., Okamoto, T., et al. 
(2021). How do flaviviruses hijack host cell functions by phase separation? 
Viruses 13:1479. doi: 10.3390/v13081479

Schirmer, M., Garner, A., Vlamakis, H., and Xavier, R. J. (2019). Microbial 
genes and pathways in inflammatory bowel disease. Nat. Rev. Microbiol. 17, 
497–511. doi: 10.1038/s41579-019-0213-6

Shlomchik, M. J., Radebold, K., Duclos, N., and Manuelidis, L. (2001). 
Neuroinvasion by a Creutzfeldt-Jakob disease agent in the absence of B 
cells and follicular dendritic cells. Proc. Natl. Acad. Sci. U. S. A. 98, 9289–9294. 
doi: 10.1073/pnas.161055198

Sigurdarson, S. (1991). “Sub-acute spongiform encephalopathies.” in Proceedings 
of a Seminar in the CEC Agricultural Research Programme. November 12–14, 
1990; Brussels; 233–242.

Sun, W., Kou, D., Yu, Z., Yang, S., Jiang, C., Xiong, D., et al. (2020). A 
transcriptomic analysis of neuropathic pain in rat dorsal root ganglia following 
peripheral nerve injury. NeuroMolecular Med. 22, 250–263. doi: 10.1007/
s12017-019-08581-3

Timmes, A. G., Moore, R. A., Fischer, E. R., and Priola, S. A. (2013). Recombinant 
prion protein refolded with lipid and RNA has the biochemical hallmarks 
of a prion but lacks in  vivo infectivity. PLoS One 8:e71081. doi: 10.1371/
journal.pone.0071081

Uchida, A., Tashiro, T., Komiya, Y., Yorifuji, H., Kishimoto, T., and Hisanaga, S. 
(2004). Morphological and biochemical changes of neurofilaments in aged 
rat sciatic nerve axons. J. Neurochem. 88, 735–745. doi: 
10.1046/j.1471-4159.2003.02201.x

Wolfe, A., Ng, Y., Divall, S. A., Singh, S. P., and Radovick, S. (2008). Development 
of an immortalised, post-pubertal gonadotrophin-releasing hormone neuronal 
cell line. J. Neuroendocrinol. 20, 1029–1037. doi: 10.1111/j.1365-2826.2008.01760.x

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product that may 
be evaluated in this article, or claim that may be made by its manufacturer, is 
not guaranteed or endorsed by the publisher.

Copyright © 2022 Aguilar, Pagano and Manuelidis. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the 
original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1126/science.1118155
https://doi.org/10.1101/2020.12.16.423113
https://doi.org/10.1016/j.biochi.2007.02.009
https://doi.org/10.1007/s00239-006-0073-3
https://doi.org/10.1073/pnas.95.23.13363
https://doi.org/10.1186/1471-2334-1-20
https://doi.org/10.3390/v13081479
https://doi.org/10.1038/s41579-019-0213-6
https://doi.org/10.1073/pnas.161055198
https://doi.org/10.1007/s12017-019-08581-3
https://doi.org/10.1007/s12017-019-08581-3
https://doi.org/10.1371/journal.pone.0071081
https://doi.org/10.1371/journal.pone.0071081
https://doi.org/10.1046/j.1471-4159.2003.02201.x
https://doi.org/10.1111/j.1365-2826.2008.01760.x
http://creativecommons.org/licenses/by/4.0/

	Reduced Expression of Prion Protein With Increased Interferon-β Fail to Limit Creutzfeldt-Jakob Disease Agent Replication in Differentiating Neuronal Cells
	Introduction
	Materials and Methods
	Conditions for Proliferation and Arrest of Normal (NL) and FU-CJD Infected SEP Cells
	Western Blot Analysis
	Infectivity Assays of Re-arrested FU-CJD Cells
	RNA Extraction and RT/qPCR for Quantitative mRNA Analysis

	Results
	Dramatic Increases in Specific mRNAs in Uninfected SEP Neurons After Arrest
	Quantitative PrP and Tag Protein Analyses in Uninfected SEP Cells
	Proliferating and Arrested FU-CJD Cells Show PrP-res, With Low PrP Induced by Arrest
	mRNAs in Re-arrested FU-CJD Cells Show a Different Pattern of PrP, Tag, and IFN-β
	PrP Protein Changes and Infectious Titers of Re-arrested FU-CJD Cells

	Discussion
	Data Availability Statement
	Author Contributions

	References

