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Abstract
The emergence of a novel class of infectious agent composed exclusively of a misfolded protein (termed prions) has been 
a challenge in modern biomedicine. Despite similarities on the behavior of prions with respect to conventional pathogens, 
the many uncertainties regarding the biology and virulence of prions make them a worrisome paradigm. Since prions do 
not contain nucleic acids and rely on a very different way of replication and spreading, it was necessary to invent a novel 
technology to study them. In this article, we provide an overview of such a technology, termed protein misfolding cyclic 
amplification (PMCA), and summarize its many applications to detect prions and understand prion biology.
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Introduction

Prion diseases, also called transmissible spongiform encepha-
lopathies (TSEs), affect both animals and humans (Prusiner 
1998). Animal prion diseases include scrapie in sheep and 
goats, bovine spongiform encephalopathy (BSE) or “mad 
cow” disease in cattle, chronic wasting disease (CWD) in 
cervids, transmissible mink encephalopathy (TME) in mink, 
feline spongiform encephalopathy (FSE) in felines, and camel 
prion disease (CPD) in dromedaries (Collinge 2001; Babelhadj 
et al. 2018). Human prion diseases can be classified into three 
categories depending on their origin: sporadic, genetic, and 
acquired forms (Collinge 2001). Sporadic Creutzfeldt-Jacob 
disease (sCJD) is the most common human prion disease, and 
other sporadic human diseases include fatal insomnia (sFI) and 
variably protease-sensitive prionopathy (VPSPr) (Wadsworth 
and Collinge 2010). Familial or genetic CJD, fatal familial 
insomnia (FFI), and Gerstmann-Sträussler-Scheinker syn-
drome (GSS) are the genetic forms of human prion diseases 
(Mead et al. 2019). Acquired human prion diseases are caused 

by accidental infections. Kuru was caused by ritual ingestion 
of prion-infected human brains. Iatrogenic CJD is transmitted 
through medical and neurosurgical procedures using prion-
containing biological materials and prion-contaminated surgi-
cal instruments, respectively (Collinge 2001). The new vari-
ant form of CJD (vCJD) was contracted by the consumption 
of meat products from BSE-affected cows (Will et al. 1996; 
Bruce et al. 1997).

Prion diseases are 100% fatal disorders characterized by 
neuronal loss, vacuolation in the neuropil, deposition of pro-
tein aggregates, and atypical inflammatory responses (Soto 
and Satani 2011). The disease-associated protein aggregates 
were later found to be the infectious agent that can cause 
prion diseases in animals and humans (Prusiner 1998). Such 
infectious agent was named “prion” for being both proteina-
ceous and infectious (Prusiner 1982). Prions are composed 
of a misfolded and aggregated version of the prion protein, 
termed PrPSc (Prusiner 1991). The normal cellular form of 
the protein, or PrPC, is abundantly expressed in the central 
nervous system of all mammals (Weissmann et al. 1993). It 
was hypothesized that prion diseases develop when PrPC is 
misfolded to PrPSc, through either the spontaneous conver-
sion or the seeded conversion induced by exogenous PrPSc 
(Prusiner 1991). Despite a plethora of evidence supporting 
the “prion hypothesis,” it took the prion research commu-
nity more than 3 decades to reach a unanimous verdict for 
it, which was achieved only after the in vitro generation of 
genuinely infectious prions (Castilla et al. 2005a) by the 
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groundbreaking invention of the protein misfolding cyclic 
amplification technology, or PMCA (Saborio et al. 2001).

In this article, we will provide a brief overview of the 
invention of the PMCA technology as well as the working 
principle behind it. We will discuss the application of PMCA 
to detect prions in body fluids, with a focus on its use for 
diagnostic purposes. In addition, we will describe the impact 
of PMCA on advancing prion research, with respect to the 
prion conversion mechanism, the prion strain and species 
barrier phenomena, and the zoonotic potential of animal 
prion diseases. It is clear that the invention of PMCA opened 
a new area of research in prion diseases. Soon after the first 
publication, multiple groups achieved a series of important 
milestones in prion research using the PMCA technology 
(Fig. 1).

The invention of PMCA

According to the “prion hypothesis,” the infectious prion is 
mostly or solely composed of PrPSc, which causes prion dis-
ease by converting PrPC to PrPSc through a templating mecha-
nism (Prusiner 1991). It was first demonstrated by Caughey 
and colleagues that by mixing partially purified PrPSc and 
35S-methionine-labeled recombinant PrPC in test tubes, PrPSc is  
capable of converting PrPC to a protease-resistant form with a 
similar band pattern to that of the original PrPSc seed (Kocisko 
et al. 1994). However, the low efficiency of the first cell-free 
conversion system hampered the chance of evaluating the 
prion infectivity associated with the newly formed 35S-labeled 
protease-resistant PrP species. In prion disease models, inocu-
lation of minute amounts of PrPSc leads to the accumulation 
of a huge quantity of PrPSc in the brain at the clinical phase 
of the disease. Thus, it is clear that from the time infectious 
prions are inoculated to the time the animals develop the dis-
ease, there is a massive amplification of PrPSc at the expense  
of PrPC(Prusiner 1998). PMCA was developed by Soto  
and colleagues to recapitulate the efficient in vivo conversion  
process in the test tube (Saborio et al. 2001). Conceptually 
analogous to the amplification of DNA fragments by the poly-
merase chain reaction (PCR), the amplification of PrPSc by 
PMCA is achieved by subjecting the PrPSc seeds and the PrPC 
substrates to a cyclical process of incubation and fragmenta-
tion (Soto et al. 2002; Castilla et al. 2006; Morales et al. 2012). 
During the incubation phase, similar to the extension/elonga-
tion step of PCR, PrPSc fibrils serve as templates for the PrPC 
building blocks and the incoming PrPC molecules adapt to the 
conformation of PrPSc and incorporate into the growing ends  

of PrPSc. During the fragmentation phase, the mechanical/
physical forces break the elongated PrPSc fibrils into shorter 
fragments, providing more templates for the next cycle of 
elongation. Conventional PMCA typically uses sonication 
as a fragmentation force, but adjusted versions include other 
forms of fragmentation, such as shaking in a modified PMCA 
reaction, often referred to as QuIC (Wilham et al. 2010). With 
cycles of incubation and fragmentation, minimal amounts of 
PrPSc can be replicated and amplified to a level that can be 
easily detected by conventional biochemical and biophysical 
means (Saa et al. 2006a).

The first report of the PMCA procedure was published in 
2001 (Saborio et al. 2001) using brain homogenates from a 
prion-affected hamster diluted to the level where PrPSc was 
barely detectable by immunoblotting. Simply mixing and incu-
bating the diluted PrPSc with the brain homogenate of a healthy 
hamster, which contains a large amount of fresh PrPC, led to the 
detection of an increased amount of PrPSc. Following cycles of 
incubation-sonication, the quantity of PrPSc increased dramati-
cally, validating the in vitro amplification of protein conforma-
tion by the PMCA technique (Saborio et al. 2001). It was further 
demonstrated that the amounts of amplified PrPSc increase with 
the number of PMCA cycles, and PrPSc seed, as low as 6–12 
picograms, can be readily detected in just 10 PMCA cycles. 
While this original report established the principle behind 
PMCA, subsequent studies enabled it to automatize the reaction 
and improve dramatically the efficiency of prion amplification 
(Fig. 1). Indeed, the PMCA technology was automated by utiliz-
ing a programmable microplate horn sonicating system (Castilla 
et al. 2005a). The automated PMCA can be carried out in a 
serial manner and allows highly effective amplification of min-
ute amounts of PrPSc. Optimized PMCA was shown to be able 
to amplify PrPSc from diseased animal brain homogenate that 
is diluted down to 10−12 (w/v), which theoretically contains the 
equivalent of a single particle of PrPSc (Saá et al. 2006a). Such 
a level of detection represents a 3 billion-times and 4000 times 
higher detection sensitivity as compared to standard immunob-
lotting techniques and animal bioassays, respectively (Saá et al. 
2006a). It was also shown that PMCA can be used to amplify all 
different types of prions present in distinct animal species and 
humans, even at pre-symptomatic stages of the disease (Soto 
et al. 2005). Other improvements of the technology included 
the introduction of beads from diverse materials (Pritzkow et al 
2011; Gonzalez-Montalban et al. 2011) as well as other reagents 
including EDTA or digitonin (Moda et al. 2014).

Use of PMCA for prion detection 
and diagnosis of prion diseases

Currently, there is no accurate antemortem diagnosis for 
human prion diseases (Soto 2004; Zerr 2022). The clini-
cal diagnosis for a probable or possible case is based on 

Fig. 1   Schematic representation of the main milestones in prion 
research accomplished using the PMCA technology. For space con-
strains, we could not include many other studies which have been also 
very important. We apologize to our colleagues for this

◂
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a series of clinical tests in combination with the rate of 
disease progression, CSF biomarkers, and brain imaging 
techniques (Soto 2004). Definite diagnosis requires neu-
ropathological examinations and/or biochemical detection 
of PrPSc (Soto 2004; Zerr 2022). Although a definite diag-
nosis can be made using biopsy samples from a patient 
brain, such a procedure is very intrusive and poses a great 
risk to patients’ lives. Almost all definite diagnoses for 
CJD are made with autopsy samples. Although human 
prion diseases are rare, in the case of variant Creutzfeldt-
Jakob disease (vCJD) caused by exposure to cattle prod-
ucts contaminated with BSE prions, a few vCJD cases 
have been linked to transfusion of blood donated by pre-
clinical vCJD carriers (Llewelyn et al. 2004; Peden et al. 
2004; Wroe et al. 2006). Such secondary transmissions 
of prions are supported by blood transfusion studies in 
animal models (Houston et al. 2000; Bons et al. 2002; 
Andréoletti et al. 2012; Lacroux et al. 2012). Therefore, 
it would be important to have a technique to detect prions 
in the blood of people incubating vCJD or sCJD to ensure 
the safety of blood transfusion and other blood products. 

Such a technique for ultrasensitive detection of prions will 
have multiple applications in various fields, including dis-
ease diagnosis, blood safety, clinical trials, food industry, 
biological products, and safety of research and medical 
equipment (Fig. 2). Table 1 highlights some of the arti-
cles reporting the use of PMCA to detect prions in human 
biological samples.

Detection of prions in blood by PMCA

Using animal bioassays studies, it has been estimated that 
the median lethal dose (LD50) of prions in blood is millions 
fold lower than what is in diseased animal brains (Brown 
et al. 2001), making it a great challenge to directly detect 
PrPSc in blood samples. PMCA has the established ability 
to amplify and detect trace amounts of PrPSc (Soto et al. 
2005; Saá et al. 2006a; Morales et al. 2012), and its amplifi-
cation efficiency and detection sensitivity can be enhanced 
exponentially by increasing the number of PMCA cycles 
(Saborio et al. 2001). In a pilot study, PMCA achieved 89% 
sensitivity and 100% specificity in detecting PrPSc in blood 

Fig. 2   The applications of PMCA to detect prions span many diverse fields including disease diagnosis, clinical trials, food industry, and various 
applications in enhancing biosafety of diverse products
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samples from experimentally infected and diseased hamsters 
(Castilla et al. 2005b). A follow-up study with blood samples 
collected at different time points during the pre-symptomatic 
phase of the disease from intraperitoneally infected ham-
sters showed PrPSc detection in blood as early as 20 days 
post-infection (Saá et al. 2006b). This study also showed a 
unique temporal distribution pattern of PrPSc in the blood 
(Saá et al. 2006b). These promising studies demonstrated the 
great potential of PMCA to detect prions in blood samples.

The first report of PMCA detection of blood vCJD prion was 
published in 2014 (Lacroux et al. 2014). In this study, Andreo-
letti and colleagues were able to amplify and detect prions in 
blood samples from 3 out of 4 confirmed vCJD patients by 
using ovine PrPC as substrate, which was selected because it 
outperformed other substrate candidates, including bovine, 
murine, and human PrPC. Although this particular PMCA sys-
tem achieved 100% specificity in detecting PrPSc, its sensitivity 
only improved marginally compared to previous reports using 
other techniques (Edgeworth et al. 2011), which might be due 
to the fact that its detection limit was only equivalent to 10−7  
vCJD brain homogenate (Lacroux et al. 2014). Two inde-
pendent studies published in 2016, when PMCA conditions 
were optimized to detect PrPSc in dilutions as low as 10−9  
(Bougard et al. 2016) or 10−10 (Concha-Marambio et al. 2016) 
vCJD brain homogenates, both groups reported 100% sensitiv-
ity and specificity in detecting prions in vCJD blood samples 
(Bougard et al. 2016; Concha-Marambio et al. 2016). Coste 
group used plasminogen-coated magnetic nanobeads to capture 
PrPSc from blood samples and then subjected the enriched PrPSc 
to serial PMCA procedures that contain brain homogenate of 
transgenic mice overexpressing human PrP with methionine 
at amino acid 129. Under this PMCA condition, 18 out of 18 
blood samples were identified to contain vCJD prions, and, 
importantly, preclinical blood samples from two donors who 
later developed vCJD were also tested positive for vCJD prions 
(Bougard et al. 2016). In the other report, Soto’s group first 
removed from the blood samples soluble proteins and other 
components that might interfere with PMCA efficacy. The 
pre-treated samples were then amplified by PMCA using brain 
homogenate from humanized mice with Met/Met genotype at 
codon 129. In addition to being able to detect PrPSc in 14 out of 

14 vCJD blood samples of any fractions, this highly sensitive 
PMCA system could amplify PrPSc from just a few microlit-
ers, or even sub-microliter, of whole blood samples (Concha-
Marambio et al. 2016).

Due to the scarcity of preclinical vCJD blood samples, 
in order to investigate the efficacy of PMCA for preclinical 
detection of prions in vCJD blood, a study was done in the 
blood of nonhuman primates that were peripherally infected 
with macaque-adapted vCJD prions (Concha-Marambio 
et al. 2020). These blood samples were collected longitudi-
nally from 3 infected macaques that developed clinical signs 
25–27 months post-infection. The PMCA assay correctly 
detected prions from all blood samples collected during the 
whole preclinical stage without obtaining any PrPSc signal 
from uninfected animal blood. Strikingly, prions could be 
detected in blood as early as 65 days post-infection, more 
than 2 years before the clinical onset of the disease (Concha-
Marambio et al. 2020). Another very important implication 
of this study is the observation that the amount of PrPSc in 
blood tended to increase along the progression of the dis-
ease. Since PMCA can be used for the semi-quantitation of 
prions in a sample (Chen et al. 2010), the technique might 
be useful in monitoring disease progression, especially the 
response of patients to therapies.

Detecting vCJD prions in urine

Prion infectivity has been found in urine samples in prion-
infected rodents, although PrPSc was not detected in these 
studies (Seeger et al. 2005; Kariv-Inbal et al. 2006; Murayama 
et al. 2007; Gregori et al. 2008), which is most likely due to the 
extremely low quantity of PrPSc present in urine. To test whether 
PrPSc could be amplified and detected by PMCA from the urine 
of prion-infected animals, Gonzalez-Romero et al. infected ham-
sters by the intraperitoneal route and collected urine samples 
during the symptomatic stage of the disease. With a limited 
number of animals, 80% sensitivity and 100% specificity were 
achieved after extended rounds of PMCA (Gonzalez-Romero 
et al. 2008). It was estimated, semi-quantitatively, that the 
amount of PrPSc present in urine is at least 10 times less than that 
in blood. A study in urine samples from vCJD patients reported 

Table 1   Application of PMCA 
for ultrasensitive prion detection 
in body fluids of patients 
affected by vCJD

Sample Disease group 
Npositive/Ntotal

Control group 
Npositive/Ntotal

Reported 
sensitivity

Reported specificity Reference

Blood 3/4 0/141 75% 100% Lacroux et al (2014)
Blood 18/18 1/238 100% 99.2% (analytical)

100% (diagnostic)
Bougard et al (2016)

Blood 14/14 0/153 100% 100% Concha-Marambio et al (2016)
Urine 13/14 0/224 92.9% 100% Moda et al (2014)
CSF 40/41 0/57 97.6% 100% Bougard et al (2018)
CSF 15/15 0/41 100% 100% Barria et al (2018)
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the identification of 13 out of 14 vCJD urine samples and none 
out of the 224 controls, achieving a sensitivity of 92.9% and a 
specificity of 100% (Moda et al. 2014).

Detecting prions in CSF

The first study to detect BSE prions from CSF was published 
in 2010 (Murayama et al. 2010). In this study, CSF samples 
were collected from 3 BSE-infected cows at terminal stages, 
but only one CSF specimen tested positive for PMCA. In a 
2014 report, 3 macaques were intracerebrally infected with 
BSE prions and CSF, and blood samples were longitudinally 
collected during both the disease incubation periods and the 
clinical phases (Murayama et al. 2014). Surprisingly, mouse 
PrPC was used as the PMCA substrate to amplify PrPSc in 
these fluids. No prions were detected in the preclinical sam-
ples, CSF, or blood. For the samples collected after disease 
onset, prions were consistently amplified from CSF collected 
at multiple time points during the symptomatic period from 
all 3 macaques. Conversely, only one blood sample collected 
from one animal at its terminal stage could seed the PrPSc 
amplification (Murayama et al. 2014). From this study, it 
seems that prions appear at earlier time points and/or in 
higher amounts in CSF than in blood, although it is also 
possible that blood contains stronger PMCA inhibitors that 
prevent amplification.

For detection of vCJD prions in human CSF, Barria et al. 
applied an enhanced, highly sensitive PMCA procedure that 
consists of 1 or 2 rounds (48 or 96 h) of amplification. Fifteen 
out of 15 vCJD CSF samples tested positive for prions, and 
none of the controls contained PrPSc, presenting 100% sen-
sitivity and specificity (Barria et al. 2018). One of the CSF  
samples was from the only confirmed vCJD patient who bore 
the Met/Val genotype at codon 129. Similar findings from a 
larger cohort analyzed blindly using PMCA technology were 
reported with 97.6% (40/41) sensitivity and 100% specificity 
(0/57) in the same year by another team (Bougard et al. 2018). 
The same 129MV vCJD CSF sample was among the 40 posi-
tively identified cases. Twelve confirmed 129MV sCJD CSF 
samples were also subjected to the same PMCA procedure, 
and none of them showed PrPSc seeding capability. Therefore, 
it is noteworthy that PMCA might represent a specific diag-
nostic tool for 129MV vCJD, because it was very challenging 
to clinically differentiate 129MV vCJD from sCJD in terms 
of neuroimaging and clinical symptoms and signs (Mok et al. 
2017). It will also be interesting to apply PMCA to test the 
seeding ability of the blood sample from this particular 129MV 
vCJD patient. Nevertheless, the lack of detection in sCJD CSF 
and blood is likely due in part to the usually poor amplification 
of sCJD prions by PMCA. The set of PMCA conditions for 
human prion amplification has mostly been optimized for effi-
cient detection of vCJD prions. More recent studies have shown 
that modifications of some of the experimental conditions of the  

PMCA assay may lead to good amplification of sCJD prions 
(Bélondrade et al. 2021; Cazzaniga et al. 2022). Thus, the 
detection of sCJD prions in biological fluids needs to be re-
attempted with the optimized conditions.

In summary, the consistently high sensitivity of PMCA 
in detecting extremely small quantities of PrPSc present 
in different tissues and body fluids demonstrates its great 
potential to be used as a live diagnostic tool for human prion 
diseases. The ability to achieve a pre-clinical diagnosis of 
prion infection might be crucial for early intervention and 
effective treatment of the disease.

Applications of PMCA to understand prion 
biology

PMCA successfully recapitulates in the laboratory the effi-
cient replication process of prions. Thus, in addition to its 
use for highly sensitive prion detection, PMCA has con-
tributed enormously to the study of the intricate biology of 
this unconventional infectious agent (Fig. 1). In the sections 
below, we will briefly summarize the many studies published 
to understand diverse aspects of prion diseases using PMCA. 
Table 2 highlights some of the main published studies using 
PMCA to understand the unique biology of prions.

Using PMCA to study the prion hypothesis

Although a great deal of studies supports the prion hypoth-
esis (Gabizon et al. 1988; Hsiao et al. 1990; Biieler et al. 
1993; Telling et al. 1996; Sigurdson et al. 2009; Jackson et al. 
2009), the general thinking was that the definitive evidence 
requires the in vitro generation of infectious prions, with 
defined components, which are capable of causing bona fide 
prion diseases in vivo (Soto and Castilla 2004). The genera-
tion of synthetic mammalian prions in the laboratory was first 
reported by Prusiner’s group in 2004 (Legname et al. 2004). 
Amyloid fibrils were formed in vitro using recombinant PrP 
and inoculated into transgenic mice overexpressing truncated 
mouse PrP. After prolonged incubation periods, the animals 
developed neurological diseases accompanied by the accu-
mulation of protease-resistant PrP (termed PrPres), which was 
transmissible to wild-type mice with a shortened incubation 
time. Neuropathological characterization of these mice sug-
gested a novel prion strain. However, these in vitro-generated 
amyloid fibrils were unable to infect wild-type animals, which 
indicate that low prion infectivity is associated with this mate-
rial (Legname et al. 2004). In addition, it is well established 
that transgenic mice overexpressing mutated forms of the prion 
protein gene are prone to the spontaneous generation of some 
disease-related features (Chiesa et al. 1998; Westaway et al. 
1994). Thus, since synthetic prions were not capable to infect 
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wild-type animals, it remains possible that the results observed 
corresponded to spontaneous pathological changes in these 
mice.

In 2005, Soto and colleagues reported that using PMCA, 
they were able to generate PrPSc that preserved many bio-
chemical and biophysical properties of the original PrPSc seed. 
More importantly, when inoculated into wild-type animals, the 
PMCA amplified PrPSc induced a deadly transmissible disease 
that was similar to the prion disease caused by the original 
PrPSc seed (Castilla et al. 2005a). This work not only provided 
the strongest support for the prion hypothesis, but also demon-
strated the great value of PMCA in studying prions.

To further understand the mechanism of prion formation, 
several groups carried out PMCA studies with crude brain 
homogenate or purified PrPSc from diseased animals as seeds 
and purified PrPC, either from healthy animals or from bacte-
ria, as substrates. Using PMCA, Supattapone and colleagues 
generated infectious prions from a mixture of purified PrPSc 
and PrPC plus an auxiliary cofactor, synthetic polyA RNA 
(Deleault et al. 2007). Interestingly, in unseeded PMCA 
reactions containing only PrPC with co-purified lipids and 
the cofactor molecules, PrPres could form spontaneously 
in test tubes and cause wild-type animals to develop prion 
disease, which was transmissible on the second passage 
(Deleault et al. 2007). Subsequently, Wang et al. reported 
that bona fide prions can be generated by PMCA using just 
bacterially expressed recombinant mouse PrP, RNA, and 
lipids (Wang et al. 2010). The PMCA-generated recombi-
nant prion induced prion diseases in wild-type mice with a 
highly synchronized incubation period comparable to that 
of some native mouse prions. Follow-up animal infection 
assays by intraperitoneal and oral routes further demonstrate 
that recombinant prion behaves like naturally occurring 
prions in all respects (Wang et al. 2015; Pan et al. 2020). 
Collectively, these PMCA studies provided unambiguous 
evidence in support of the prion hypothesis.

Understanding prion strains and species barriers 
by PMCA

Like conventional infectious diseases, prion disorders can mani-
fest in the same host species with various distinct clinical and 
pathological phenotypes, a property referred to as strain diver-
sity (Weissmann 1991; Bruce 1993). For transmissible diseases 
caused by viruses, bacteria, or fungi, different strains are deter-
mined by distinct genetic variations of the pathogens. For prions, 
it has been proposed that each strain represents a unique self-
replicating conformation of the same prion protein (Morales et al. 
2007; Aguzzi et al. 2007; Collinge 2010; Morales 2017; Soto 
and Pritzkow 2018). Although atomistic level high-resolution 
structural studies of various strains are required to prove this 
hypothesis, a series of PMCA studies have provided valuable 
insights into this perplexing issue (Deleault et al. 2007, 2012b; Ta
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Castilla et al. 2008b; Wang et al. 2010; Kim et al. 2010). Using 
5 murine prion strains and 4 human prion strains, it was reported 
that PMCA can faithfully replicate the biochemical properties of 
all strains, such as electrophoretic mobility and glycosylation pat-
tern after protease digestion (Castilla et al. 2008b). Critically, all 
5 PMCA-amplified murine prions caused transmissible diseases 
in wild-type mice, which manifested strain-specific characteris-
tics that are indistinguishable from the diseases induced by the 
brain-derived native strains (Castilla et al. 2008b). These experi-
ments demonstrated that crude brain homogenates contain all the 
cellular factors necessary for faithful in vitro strain replication 
by PMCA. Indeed, the first highly infectious recombinant prion 
generated by PMCA in the presence of synthetic phospholipids 
and mouse liver RNA produced prions with certain novel strain 
characteristics, most likely because the cofactors used in vitro 
are different from the in vivo conversion factors (Wang et al. 
2010). Similarly, in another recombinant prion study, where only 
recombinant hamster PrP and no cellular cofactors were used, the 
PMCA-generated recombinant prions elicited different neuro-
pathological changes from the native 263 K prion that was used 
to seed the formation of recombinant prions (Kim et al. 2010). 
These studies suggested the important roles of cellular cofactors 
in forming and maintaining prion strains. In an attempt to isolate 
the brain molecules that facilitate the in vivo prion conversion, 
Supattapone’s group identified the endogenous phosphatidyle-
thanolamine (PE) as the sole cofactor needed to produce prions 
(designated as recPrPSc−PE) by PMCA (Deleault et al. 2012a). 
When used to propagate different mouse prion strains, including 
the first recombinant prion, ME7, and 301C, the PE cofactor 
induced stain convergence: all three distinct strains were con-
verted into a single new strain (Deleault et al. 2012b).

Similar to classical infectious agents, the interspecies 
transmission of prions often leads to longer incubation 
time, incomplete attack rate, subclinical infection, or even 
complete blockage, a phenomenon called species barrier 
(Prusiner 1993; Bruce et al. 1994; Priola 1999; Clarke et al. 
2001; Collinge and Clarke 2007). Within the prion hypothe-
sis framework, the species barrier is thought to be due to the 
mismatch of the PrP primary sequences of the two species. 
In 2008, we showed that PMCA can recapitulate the species 
barrier phenomenon (Castilla et al. 2008a). A clear barrier to 
prion conversion was observed between hamster and mouse, 
showing no amplification of mouse RML prion with hamster 
brain homogenate substrate, and vice versa. Because of the 
extremely powerful amplification ability of PMCA, when 
a higher amount of RML murine prions or 263 K hamster 
prions was applied as seed, hamster PrPC or mouse PrPC 
was converted to PrPSc, both of which could be propagated 
indefinitely (Castilla et al. 2008a). Interestingly, with suc-
cessive rounds of prion replication, the strain characteristics 
were progressively adapted to the new PrPC host sequence 
(Castilla et al. 2008a). This study indicated that PMCA, in 
addition to recapitulating the specie barrier phenomenon 

in vitro, has the great potential to investigate the cross-
species transmission characterized by strain adaptation and 
stabilization that often require a series of in vivo transmis-
sions. Similarly, Telling and colleagues showed that PMCA 
amplification of mouse RML prions at expense of cervid 
PrPC generated PrPSc infectious to cervidized transgenic 
mice (Green et al. 2008). Thus, serial PMCA abrogated a 
transmission barrier that required several hundred days of 
adaptation and subsequent stabilization in transgenic mice. 
In a recent study (Pritzkow et al. 2022), we used PMCA to 
study the transmission of various CWD isolates to various 
animal species. We were able to identify specific profiles 
of inter-species transmission of distinct CWD prion strains 
(Pritzkow et al. 2022).

Application of PMCA to investigate the zoonotic 
potential of animal prion diseases

The causal relationship between BSE and vCJD (Collinge and 
Rossor 1996; Will et al. 1996; Collinge et al. 1996; Bruce et al. 
1997; Hill et al. 1997; Collinge 1997) and the observation that 
no human prion diseases have been linked to natural ovine 
scrapie (EFSA Panel on Biological Hazards (BIOHAZ) 2011) 
have offered a great opportunity to evaluate the applicability of 
PMCA to study the zoonotic potential of animal prion diseases. 
In 2009, Jones et al. reported that using PMCA, they were able 
to reproduce the conversion susceptibility of human PrPC to 
BSE prions but not scrapie prions (Jones et al. 2009). Moreover, 
interspecies conversion using different polymorphic versions of 
human PrPC followed the expected pattern based on epidemio-
logical data and studies in animal models.

Currently, one of the biggest zoonotic concerns comes from 
the CWD epidemic in North America (Houston and Andréo-
letti 2019; Pritzkow 2022). CWD was initially recognized and 
limited to northern Colorado in 1967 but has since been found 
in 30 US states and 4 Canadian provinces of North America 
(USGA Map 2022), with recently reported cases in Norway, 
Sweden, and Finland of Europe (Tranulis et al. 2021) and South 
Korea of Asia (Lee et al. 2013). Thus, answering the question 
of whether or not CWD prions can infect humans is highly rel-
evant. Conventional rodent infection studies from independent 
labs have reported failed attempts to transmit CWD prions to 
transgenic mice that overexpress human PrP (Kong et al. 2005; 
Tamgüney et al. 2006; Sandberg et al. 2010; Wilson et al. 2012; 
Kurt et al. 2015; Race et al. 2019; Wadsworth et al. 2021) with 
the exception of a recent study (Hannaoui et al. 2022). Using 
non-human primates, the Bartz group reported two squirrel 
monkeys that were intracerebrally challenged with CWD prions 
developed prion diseases and reached terminal stages in 31 and 
34 months after infection (Marsh et al. 2005). The transmission 
of CWD prions to squirrel monkeys was confirmed later in a 
study from the Chesebro group (Race et al. 2009). However, 
the same CWD inocula did not induce prion disease in another 
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non-human primate, Cynomolgus macaques (Race et al. 2009). 
Two follow-up studies from the same group reported the same 
results that squirrel monkeys are highly susceptible to CWD 
infection but Cynomolgus macaques are resistant to CWD 
transmission (Race et al. 2014, 2018). Since the PrP sequences 
of both squirrel monkeys and Cynomolgus macaques differ 
from human PrP at various positions, it is complicated to draw 
definitive conclusions in terms of cross-species transmission of 
CWD to humans. To this end, PMCA offers an efficient plat-
form to address such a significant yet challenging issue.

In a PMCA study, the first attempt to convert human PrP by 
CWD prions was unsuccessful (Barria et al. 2011), which was 
in agreement with the transgenic animal studies that there is a 
strong species barrier between humans and cervids. However, 
after serial passaging of CWD PrPSc in transgenic mice express-
ing cervid PrP, the in vivo adapted CWD prions were able to 
convert human PrPC to PrPSc (Barria et al. 2011). Owing to the 
efficient strain adaptation and stabilization ability of PMCA 
(Green et al. 2008; Castilla et al. 2008a), after one or two rounds 
of amplification, the in vitro-adapted CWD prions could effi-
ciently convert human PrPC to its scrapie form. Noteworthy, 
the CWD-seeded PMCA converted human PrPSc displayed a 
unique protease-resistant banding pattern that is different from 
those of known CJD PrPSc but reminiscent of that of CWD 
prion (Barria et al. 2011). Using the PMCA technology, we 
recently compared North America CWD prions with the newly 
discovered Norwegian CWD prions, in terms of their poten-
tial to transmit to other animals and their zoonotic potential to 
transmit to humans (Pritzkow et al. 2022). Interestingly, while 
both North America and Norwegian CWD prions were esti-
mated to possess the potential to transmit to other animals, only 
North America CWD prions were found to be able to convert 
human PrPC (Pritzkow et al. 2022). This zoonotic potential dif-
ference might be due to the fact that North American CWD 
prions have existed for a longer time, which has allowed them 
to become more stabilized and virulent after many rounds of 
natural infection. In the latest study combining PMCA conver-
sion and animal bioassay, the Zou group showed that in vitro-
converted CWD-human PrPSc could induce bona fide prion 
diseases in transgenic mice expressing human PrPC (Wang et al. 
2021). These PMCA studies highlighted the possibility, albeit 
low so far, that CWD prions can cross the species barrier to 
infect humans.

Using PMCA to study the interaction 
of prions with various materials

Shedding of CWD prions through secretion and excretion 
and their interaction with various elements of the surround-
ing environment has likely helped the fast transmission of 
CWD among cervids (Pritzkow et al. 2021). Miller et al. 
reported that under experimental conditions, naïve mule deer 

became CWD infected after living in paddocks where either 
infected deer had resided or infected deer carcasses have 
decomposed a couple of years earlier (Miller et al. 2004). 
Later, Johnson et al. demonstrated that purified hamster pri-
ons could bind to clay soil without diminishing or losing 
their infectivity (Johnson et al. 2006). Instead, the soil-bound 
PrPSc displayed higher infectious titer than the unbound 
PrPSc in orally infected hamsters (Johnson et al. 2007).

While soil is considered the major environmental reservoir 
for prions, other natural and man-made common environmen-
tal materials, such as wood, rocks, plastic, glass, cement, and 
various metallic surfaces, might also be able to bind prions and 
act as vectors for disease transmission. To test this possibility, 
we exposed the surfaces of these materials to various prions, 
including 263 K, RML, vCJD, and CWD, and studied their 
attachment and retention of prion infectivity by both in vitro 
PMCA assay and in vivo animal assay (Pritzkow et al. 2018). 
PMCA studies identified distinct prion binding capacities 
associated with different prions, and rodent assays confirmed 
the ability of various material surfaces to disseminate prion 
diseases (Pritzkow et al. 2018). Since plants are the most com-
mon food for animals that can be naturally affected by prion 
diseases, these herbal organisms might also play a role in trans-
mitting prion diseases. In an experimental setting, Pritzkow 
et al. demonstrated that prions from diverse origins, including 
CWD in urine and feces, effectively bind to wheat grass roots 
and leaves and can be readily detected by PMCA (Pritzkow 
et al. 2015). When attached to living plants, prions could be 
detected even weeks later, showing their persistence. Moreo-
ver, when naïve grass was planted in prion-contaminated soil, 
prions could be absorbed from the soil to the grass roots and 
further transported to stems and leaves that are not in direct 
contact with contaminated soil (Pritzkow et al. 2015). Finally, 
detection of CWD prions by PMCA in one of two environmen-
tal water samples from a CWD endemic area (Nichols et al. 
2009) and natural mineral licks (Plummer et al. 2018) dem-
onstrated the persistence of prions in the natural environment.

Application of PMCA to screen for prions 
in biological products and medical equipment

Biological products derived from living organisms have been 
increasingly used for treating human diseases. For example, 
stem cells are considered a great option to treat aging and 
other aging-associated diseases, such as Alzheimer’s disease 
and Parkinson’s disease (Bali et al. 2016; Yasuhara et al. 
2017). Lessons learned from the accidental transmission 
of the human immunodeficiency virus (HIV) and hepati-
tis C virus (HCV) through blood transfusions have driven 
the standardization of blood donation procedures to include 
routine screening tests for HIV and HCV (di Minno et al. 
2016). Iatrogenic CJD arises from incidental transmission of 
CJD via the use of contaminated biological materials (e.g., 
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human growth hormone, dura mater, and corneal grafts) or 
neurosurgical instruments. Because prions can lead to incur-
able fatal diseases and are inert to the conventional inacti-
vation methods used to eliminate viral, bacterial, and fungi 
contaminations, it is particularly important to screen cells 
and other biological materials for prion contamination. As a 
proof-of-principle study, we reported that using the PMCA 
technology, a single prion-infected cell can be detected in  
a group of over one million or more non-infected cells (Lyon 
et al. 2019). A cell line that has been used to generate anti-
cancer vaccines was tested free of vCJD and BSE prions 
using PMCA. For reusable surgical instruments contami-
nated with prions, although there are already decontamina-
tion protocols in place (Belay et al. 2010, 2013), PMCA tests 
following the decontamination procedures will ensure these 
valuable medical devices are truly free of prions.

Final conclusions and remarks

One of the main technologies used for high sensitive detec-
tion of conventional infectious agents (e.g., SARS-CoV-2, 
HIV, Hepatitis) is the amplification of nucleic acids by 
PCR. Prions are unconventional infectious agents composed 
exclusively of a protein that is responsible for a group of 
fatal neurodegenerative diseases in humans and animals. 
The unorthodox nature of prion requires an unconventional 
tool to detect and study them. The PMCA technology was 
invented and developed to meet this challenge. Analogous 
to the detection of viruses by PCR through amplification of 
the viral genetic materials, prions can be detected by PMCA 
via the propagation of the infectious protein. Powered by its 
cyclic nature of amplification, the ultrasensitive PMCA tech-
nique is capable of amplifying prions from the equivalent of 
single molecules of the infectious agent (Saá et al. 2006a). 
This enabled the detection of minute amounts of prions in 
various body fluids and peripheral tissues, even from pre-
symptomatic individuals (Moda et al. 2014; Bougard et al. 
2016; Concha-Marambio et al. 2016; Barria et al. 2018). The 
100% sensitivity and specificity demonstrated by PMCA in 
the blood studies (Bougard et al. 2016; Concha-Marambio 
et al. 2016) bode well for its application as a standard diag-
nostic tool for prion diseases.

In addition to its use for prion detection and disease 
diagnosis, PMCA has also had a great impact on studies 
to understand the complex biology of prions (Soto 2011). 
PMCA allows the faithful in vitro propagation of prions 
under proper conditions, which enabled the in vitro genera-
tion of infectious material in the laboratory (Castilla et al. 
2005a; Deleault et al. 2007; Wang et al. 2010), represent-
ing the most conclusive evidence for the prion hypothesis. 
Such feature of PMCA also makes possible the in-depth 
studies of the mechanisms underlying prion conversion and 

propagation as well as to shed light on the complex phenom-
enon of strain diversity and species barrier (Castilla et al. 
2008a, b; Deleault et al. 2012b). Beyond, PMCA has been 
utilized for drug repurposing to identify therapeutic leads for 
treating prion diseases (Barret et al. 2003).

Finally, since the process of protein misfolding and 
aggregation in prion disease has remarkable similarities 
with those undergone by several other proteins associated 
with various neurological disorders (Soto and Pritzkow 
2018), the principles behind PMCA have recently been 
used to develop cyclic amplification procedures to diag-
nose these diseases. Several reports have shown the use 
of this technology to detect misfolded protein aggregates 
implicated in highly prevalent diseases, including Alzhei-
mer’s and Parkinson’s diseases (Salvadores et al. 2014; 
Shahnawaz et al. 2017, 2020).
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