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Prion diseases affect a wide range of mammal species and are caused by a misfolded self-
propagating isoform (PrPSc) of the normal prion protein (PrPC). Distinct strains of prions exist
and are operationally defined by differences in a heritable phenotype under controlled
experimental transmission conditions. Prion strains can differ in incubation period, clinical
signs of disease, tissue tropism, and host range. The mechanism by which a protein-only
pathogen can encode strain diversity is only beginning to be understood. The prevailing
hypothesis is that prion strain diversity is encoded by strain-specific conformations of
PrPSc; however, strain-specific cellular cofactors have been identified in vitro that may also
contribute to prion strain diversity. Although much progress has been made on understanding
the etiological agent of prion disease, the relationship between the strain-specific properties
of PrPSc and the resulting phenotype of disease in animals is poorly understood.

PRIONS AND PRION DISEASES

Prion diseases are a group of transmissi-
ble neurodegenerative diseases that affect

animals, including humans. The animal prion
diseases include scrapie in sheep and goats,
transmissible mink encephalopathy (TME) in
ranch-raised mink, chronic wasting disease
(CWD) in cervids, and bovine spongiform en-
cephalopathy (BSE) (Cuillé and Chelle 1936;
Zlotnik and Stamp 1961; Marsh and Hanson
1969; Williams and Young 1980, 1992; Wells
1987; Hope et al. 1988; Marsh et al. 1991; Liber-
ski et al. 2009; Saunders et al. 2012). The human
prion diseases can be acquired, inherited, or can
occur sporadically, and include Creutzfeldt–
Jakob disease (CJD), Gerstmann–Sträussler–
Scheinker disease (GSS), fatal familial insomnia
(FFI), and kuru (Alpers and Gajdusek 1965;

Gibbs et al. 1968, 1980; Goldfarb et al. 1992;
Tateishi et al. 1995). Prion diseases have long
asymptomatic incubation periods that range
from months to decades and are followed by a
short symptomatic phase that is characterized
by progressive cognitive and/or motor deficits
(Dickinson and Outram 1979; Race et al. 2001).
During the asymptomatic phase, prions can be
detected in the central nervous system (CNS)
and in extraneural locations (Hadlow et al.
1987). Currently, effective treatment for prion
diseases is not available, and they are inevita-
bly fatal.

The prion is composed primarily, if not en-
tirely, of an abnormal isoform (PrPSc) of the
host-encoded prion protein (PrPC) (Bolton
et al. 1982; Prusiner 1982; Basler et al. 1986;
Deleault et al. 2007; Wang et al. 2010). Prion
propagation is thought to occur in a three-
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step process in which PrPSc first binds to PrPC,
followed by a conformational conversion of
PrPC to PrPSc. This conversion results in a
change in the physical properties of PrPC, which
includes an increase in b-pleated sheet content
and decreased solubility in nondenaturing de-
tergents (Caughey and Raymond 1991; Pan
et al. 1993; Moore et al. 2011). Next, fragmen-
tation of the growing PrPSc polymer results in
the generation of new free ends for PrPC to bind
to. In the absence of preexisting PrPSc, PrPC can
spontaneously misfold into PrPSc that is en-
hanced by PrPC mutations, providing a molec-
ular basis for sporadic and familial forms of
human prion disease.

PRION STRAIN DEFINITION

Prion strains are operationally defined as a phe-
notype of disease under a fixed set of agent and
host parameters (Fig. 1). For example, agent
parameters such as titer strongly influence the
incubation period of disease (Marsh and Han-
son 1978; Prusiner et al. 1981, 1982). Host pa-
rameters, including route of infection and PrP
genotype, influence the incubation period and
effective titer of disease (Dickinson et al. 1968,
1969; Dickinson and Fraser 1969; Dickinson
and Meikle 1971; Kimberlin and Walker 1977,
1979, 1982, 1986; Bruce and Dickinson 1985).
Under experimental conditions in which these
parameters are precisely controlled, distinct

phenotypes of disease correspond with prion
strains (Fig. 1). Differences in the distribution
and relative intensity of spongiform degenera-
tion in select areas of the CNS are, at the current
time, the most well-accepted criteria to distin-
guish strains (Fraser and Dickinson 1967, 1968).
Not all disease phenotypes are unique to a given
strain; for example, strains with distinct distri-
butions of spongiform degeneration can have
similar incubation periods and/or clinical signs
of disease (Ayers et al. 2011). Importantly, the
strain-specific phenotype is maintained on se-
rial passage and is therefore heritable. Under
passage conditions that are not precisely con-
trolled, or when serial passage is not available,
the term “prion isolate” may best reflect this
uncertainty. A significant shortcoming of the
operational definition of prion strains is that
the degree to which the disease phenotype has
to vary to be considered a unique strain is not
agreed upon.

PRION STRAIN TROPISM

Prion strains can differ in the range of patho-
logical changes observed in the CNS. The rela-
tive intensity of spongiform degeneration in
specified regions of the CNS at terminal disease
is the basis of the lesion profile (Fraser and
Dickinson 1967). Strains of prions are defined
by differences in the lesion profile. Although
semiquantitative, the lesion profile is a robust

Agent parameters Host parameters
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Figure 1. Host–agent interactions in prion disease.
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and highly reproducible technique that has
been used for more than 40 years. There is a
wealth of existing lesion-profile data that is use-
ful for comparison to newly described prions.
The use of the lesion profile can also aid in
establishing the etiology of disease, as in the
case of transmission of BSE to humans, which
results in the emergence of variant CJD (Bruce
et al. 1997). Although the lesion profile is the
defining characteristic of prion strains, it does
not necessarily reflect strain-specific differences
in neuronal tropism because neurons can har-
bor high levels of PrPSc at terminal disease yet
fail to develop spongiform degeneration (van
Keulen et al. 1995).

Differences in the regional deposition of
PrPSc within the CNS are strain specific. Histo-
blot analysis of the brains from hamsters or
transgenic mice expressing hamster PrPC infect-
ed with either the Sc237 or 139H strains of ham-
ster-adapted scrapie have regional differences in
the localization of PrPSc (Hecker et al. 1992;
DeArmond et al. 1993). Immunohistochemis-
try can also reveal differences in the localization
of PrPSc immunoreactivity between different
strains and can provide additional information
on the cellular distribution of PrPSc within neu-
rons and glia (Jeffrey et al. 2001, 2003; Sisó et al.
2010; Ayers et al. 2011).

The tropism of prions outside the CNS is a
determinant of prion strains. In natural prion
disease, differences in the distribution of PrPSc

in the spleen and lymph node are apparent be-
tween classical and atypical scrapie. Atypical
scrapie is characterized by a relative lack of de-
tectable PrPSc in these tissues compared with
the classical form; however, lymphoreticular
system (LRS) tissues from atypical scrapie
cases still harbor infectivity (Benestad et al.
2003; Klingeborn et al. 2006; Andréoletti et al.
2011). A more striking example of tissue tro-
pism is observed in hamsters infected with ei-
ther the hyper (HY) or drowsy (DY) strains of
TME. PrPSc, as well as infectivity, is widely dis-
tributed in HY TME–infected hamsters and is
detected in the brain, LRS, skeletal muscle, nasal
secretions, and blood (Bessen and Marsh 1992b;
Marsh and Bessen 1994; Mulcahy et al. 2004;
Bessen et al. 2010; Elder et al. 2013, 2015). In

contrast, infectivity and PrPSc are limited to the
CNS of DY TME–infected hamsters (Bartz et al.
2003, 2004; Bessen et al. 2009). Additionally,
hamsters are not susceptible to extraneural
infection with the DY TME agent, perhaps at-
tributable to a failure to establish infection in
secondary LRS tissues, which is an important
component of extraneural prion pathogenesis
(Dickinson and Fraser 1972; Race et al. 2000;
McCulloch et al. 2011).

The mechanism responsible for PrPSc tro-
pism is poorly understood. Ocular inoculation
of prions results in a sequential spread of spon-
giform degeneration that is consistent with
transport along neuroanatomical tracks (Fraser
and Dickinson 1985; Scott and Fraser 1989).
Consistent with this seminal observation, the
temporal and spatial spread of PrPSc in the ner-
vous system is consistent with spread along neu-
roanatomical tracks regardless of the initial site
of inoculation (Beekes et al. 1998; Andréoletti
et al. 2000; Beekes and McBride 2000; van Keu-
len et al. 2000; Bartz et al. 2003; Kincaid and
Bartz 2007). Sciatic nerve inoculation results in
direct neuronal spread of prions in rats, mice,
and hamsters (Kimberlin et al. 1983; Bassant
et al. 1986; Bartz et al. 2002). Detailed analysis
of the temporal and spatial spread of PrPSc in
the peripheral and central nervous system of
hamsters inoculated in the sciatic nerve with
either the HY or DY TME strains indicates that
both these strains are retrogradely transported
along the same four descending neuroanatom-
ical pathways (Ayers et al. 2009). At terminal
disease, strain-specific differences in PrPSc dis-
tribution in the CNS are observed; however, this
could be overcome by altering the route of in-
fection (Ayers et al. 2009). These data suggest
that, once in the CNS, strain-specific differences
in transport or the ability of neurons to support
PrPSc formation do not exist, but rather strain-
specific differences in neurodegeneration (i.e.,
clinical target areas) contribute to the observed
differences in PrPSc deposition at terminal dis-
ease (Kimberlin et al. 1987a; Kimberlin and
Walker 1988; Mirabile et al. 2014). Alternatively,
recent evidence suggests that prion replication
cofactors can alter strain properties in vitro
(Deleault et al. 2012b; Miller et al. 2013; Supat-
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tapone 2014). It is possible, in vivo, that differ-
ences in the cellular distribution of strain-spe-
cific cofactors influence tropism. Less is known
about the mechanism underlying tissue tropism
outside the CNS. It is possible that strain-spe-
cific replication cofactors or inhibitors govern
PrPSc formation; alternatively, strain-specific
differences in the balance between PrPSc forma-
tion and clearance may influence tissue tropism
(Choi and Priola 2013).

PRION STRAIN PROPERTIES

Prion strain diversity may be encoded by dis-
tinct conformations of PrPSc. The mere exis-
tence of prion strain diversity was used as evi-
dence against the prion hypothesis (Bruce and
Dickinson 1987). In the absence of a prion-spe-
cific nucleic acid genome, new mechanisms to
encode strain diversity must exist. Studies of
rodent-adapted prions were the first to indicate
that differences in the biochemical properties of
PrPSc correspond with different prion strains
(Kascsak et al. 1987). Subsequent studies using
the well-characterized HY and DY strains of
TME were the first to show that PrPSc could
have strain-specific differences in the proteinase
K (PK) digestion site, relative PK resistance, and
detergent solubility (Bessen and Marsh 1992a,b,
1994). Consistent with these findings, strain-
specific differences in PrPSc migration proper-
ties of human prion isolates were preserved on
transmission to transgenic mice expressing chi-
meric mouse–human PrPC (Telling et al. 1996).
These observed differences in the PK cleavage
site of PrPSc from several strains suggest that the
conformation of PrPSc differs among prion
strains. Structural studies of PrPSc using Fourier
transform infrared (FTIR) spectroscopy indi-
cate that strain-specific differences in the sec-
ondary structure of PrPSc exist (Caughey et al.
1998; Moore et al. 2011). Electron microscopy
of PrPSc fibrils enriched from murine brain in-
dicate that the diameter and twist periodicity
could differentiate prion strains (Sim and
Caughey 2009). The conformation-dependent
immunoassay (CDI) measures changes in im-
munoreactivity of PrPSc under conditions of
increasing denaturation compared with immu-

noreactivity of PrPC and can identify strain-spe-
cific differences in PrPSc conformation between
several rodent prion strains (Safar et al. 1998).
Additionally, the PrPSc conformational stability
assay has identified strain-specific differences in
PrPSc stability from a wide range of natural and
synthetic prion strains (Peretz et al. 2001;
Thackray et al. 2007; Colby et al. 2009; Ayers
et al. 2011; Gonzalez-Montalban et al. 2011;
Ghaemmaghami et al. 2013). Although these
assays indicate strain-specific differences in
PrPSc conformation, it is unclear what confor-
mational differences in the structure of PrPSc

(e.g., tertiary or quaternary) contribute to the
measured differences. Strain-specific differ-
ences in the PrPSc aggregate state have been ob-
served using sedimentation equilibrium but
not sedimentation velocity ultracentrifugation,
suggesting that strain-specific differences in
PrPSc size occur (Tixador et al. 2010; Laferrière
et al. 2013). Luminescent conjugated polythio-
phenes (LCPs) are a class of amyloid binding
dyes whose emission wavelength spectra are in-
fluenced by the morphology of the bound li-
gand (Nilsson et al. 2006). When LCP is bound
to the PrPSc of different prion strains, a strain-
specific LCP emission wavelength is detected,
which suggests strain-specific differences in
the tertiary or quaternary structure of PrPSc (Si-
gurdson et al. 2007).

Cellular cofactors can influence the rate of
PrPSc formation, and there is increasing evi-
dence to suggest that cellular cofactors can
also contribute to prion strain diversity. Phos-
phatidylethanolamine (PE) can enhance the
formation of murine PrPSc in vitro (Deleault
et al. 2012a). When three distinct prion strains
were propagated using protein misfolding cyclic
amplification (PMCA) that contained only
PrPC and PE as the cofactor, the properties of
each of the input strains changed. Interestingly,
all three strains were altered into a single indis-
tinguishable strain with unique properties in
animals compared with the input strains as de-
fined by incubation period, neuropathology,
and the conformational stability of PrPSc. This
convergence of strain properties that is induced
by the presence of PE indicates that cofactors
can modify strain properties in vitro that are
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maintained in vivo (Deleault et al. 2012b). Con-
sistent with this finding is the observation that
cofactors can initiate structural rearrangements
of PrPC that may initiate or facilitate the forma-
tion of PrPSc (Miller et al. 2013). These seminal
studies provide evidence that cellular cofactors
can influence strain properties in vitro, but what
remains to be determined is how, in vivo, these
cellular cofactors are involved in regulating the
strain-specific phenotype of disease.

Strain-specific differences in the accumula-
tion of infectivity and PrPSc during the time
course of disease are well documented (Marsh
and Kimberlin 1975; Kimberlin and Walker
1979; Hecker et al. 1992; Beekes et al. 1996;
van Keulen et al. 2000; Mulcahy and Bessen
2004; Kaatz et al. 2012). These studies suggest
strain-specific differences in the rate of prion
replication in various tissues from natural and
experimental prion disease but are limited by
the complexity of the animal host and the re-
sulting alternative explanations. For example,
strain-specific differences in the rate of trans-
port to new areas of the tissue that support pri-
on formation, the rate of prion clearance, and
differences in cell death all can contribute to the
overall titer of a tissue (Ayers et al. 2009; Choi
and Priola 2013). In an attempt to overcome
these weaknesses, the relative efficiency of PrPSc

formation was calculated using PMCA, which
only measures PrPSc formation and not clear-
ance in a closed system (Shikiya et al. 2014).
Using this technique, strain-specific differences
in the efficiency of PrPSc formation have been
observed (Makarava et al. 2010; Shikiya et al.
2010; Ayers et al. 2011; Gonzalez-Montalban
et al. 2011). Interestingly, prion strains with
short incubation periods have correspondingly
higher efficiencies of PrPSc formation compared
with strains with long incubation periods
(Ayers et al. 2011). The structural underpin-
nings of these observations are unknown. The
aggregate size of PrPSc has a strong influence on
prion formation rates, with small PrPSc aggre-
gates having higher specific activity compared
with larger PrPSc aggregates (Silveira et al.
2005). Therefore, strain-specific differences in
the distribution of PrPSc aggregates may influ-
ence the rate of PrPSc formation and the out-

come of disease. In addition, sialation of PrP
can influence the rate of PrPSc formation, and
strain-specific differences in PrP sialation may
contribute to the overall rate of PrPSc formation
(Katorcha et al. 2014). Strain-specific differenc-
es in the requirement for RNA in the formation
of PrPSc have been identified; however, it is un-
clear whether RNA contributes to the strain-
specific properties of disease (Deleault et al.
2010; Piro et al. 2011; Saá et al. 2012; Gonza-
lez-Montalban et al. 2013).

Fragmentation of PrPSc is hypothesized to
be required for PrPSc propagation. Although a
PrPSc fragmentation assay does not currently
exist, differences in the conformational stability
of PrPSc in denaturants have been used as a
surrogate marker of PrPSc fragmentation. Initial
studies in murine prion strains have indicated
that strains with shorter incubation periods
have PrPSc with a lower conformational stability
compared with PrPSc from long incubation
period strains (Colby et al. 2009; Colby and Pru-
siner 2011; Ghaemmaghami et al. 2011). This
finding suggests that PrPSc with low conforma-
tional stability can more readily fragment, facil-
itating a more rapid formation of PrPSc com-
pared with PrPSc with correspondingly longer
incubation periods. This interpretation is con-
sistent with the elegant studies of yeast prions
that show that the rate of [PSIþ] strain propa-
gation inversely corresponds to low conforma-
tional stability (i.e., thermal denaturation) (Ta-
naka et al. 2004). Subsequent studies examining
a large panel of hamster-adapted prion strains
came to the opposite conclusion—that short
incubation period strains with a more efficient
rate of PrPSc formation, as determined by
PMCA, have high PrPSc conformational stabil-
ities compared with long incubation period
strains with relatively less efficient PrPSc forma-
tion and lower PrPSc conformational stabilities
(Peretz et al. 2001; Ayers et al. 2011). These
conflicting results have several possible inter-
pretations. It is possible that overly high or
low PrPSc conformational stabilities enhance
fragmentation, resulting in higher rates of PrPSc

formation and shorter incubation periods
(Choi et al. 2014). It has been suggested that
low PrPSc conformational stability corresponds
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with increased neuronal clearance in vivo; how-
ever, this hypothesis has not been supported by
cell culture studies (Ayers et al. 2011; Choi et al.
2014). Finally, it is possible that the conforma-
tional stability assay may be measuring a prop-
erty of PrPSc other than fragmentation.

The relationship between strain-specific
PrPSc properties and the biological phenotype
of disease is poorly understood. Although there
is much evidence to support the hypothesis that
prion strain properties are encoded by distinct
conformations of PrPSc, definitive proof re-
mains elusive. A major shortcoming to directly
test this hypothesis is the lack of knowledge re-
garding the relationship between the different
biochemical properties of PrPSc and how they
translate into the phenotype of disease. Impor-
tantly, it is not well understood what portion, if
any, of the identified strain-specific biochemical
differences of PrPSc actually encode strain diver-
sity or are a consequence of it (i.e., causation
versus correlation).

EVIDENCE FOR PRION STRAINS
IN NATURAL PRION DISEASE

The first evidence of prion strain variation was
observed in small ruminants. Sheep scrapie
brain pool 1 (SSBP/1) is made up of brain ho-
mogenate from three different sheep (one
Cheviot sheep and two Cheviot/Border Leices-
ter sheep) and was maintained by serial passage
in sheep without apparent changes in the dis-
ease (Dickinson 1976). Interspecies transmis-
sion of SSBP/1 to goats resulted in the identi-
fication of two distinct disease syndromes,
termed scratching and drowsy (Pattison and
Millson 1961). Intraspecies transmission of
the scratching and drowsy syndromes in goats
maintained the clinical phenotype of disease for
at least nine serial passages. More recently, an
atypical form of sheep scrapie, also known as
Nor98, has a different clinical presentation of
disease and histopathological features com-
pared with classical scrapie (Benestad et al.
2003). Importantly, atypical scrapie has unique
PK-resistant PrPSc fragments and is more sen-
sitive to PK digestion compared with classical

forms of scrapie (Benestad et al. 2003; Klinge-
born et al. 2006).

In cattle, three forms of BSE are recognized.
Classical BSE reached epidemic proportions
since its identification in 1995 and is responsi-
ble for the emergence of the variant form of CJD
(Wells 1987; Bruce et al. 1997; Hill et al. 1997;
Scott et al. 1999). With increased prion surveil-
lance efforts in cattle, two additional forms of
BSE have been identified. Bovine amyloidotic
spongiform encephalopathy (BASE), also
known as L-type BSE, is characterized by lower
molecular weight migration of the PK-resistant
fragment of PrPSc compared with classical BSE
(Casalone et al. 2004; Buschmann et al. 2006).
The regional distribution of PrPSc in the CNS
from BASE is more rostral in the CNS compared
with classical BSE (Casalone et al. 2004). Addi-
tionally, amyloid plaques are found in CNS tis-
sue of BASE that are not observed in classical
BSE (Casalone et al. 2004). In contrast to BASE,
the PK-resistant fragment of PrPSc from H-type
BSE migrates to a higher molecular weight com-
pared with classical BSE. Both atypical forms of
BSE are rare and are largely identified in aged
cattle, which suggests they have a sporadic eti-
ology (Brown et al. 2006).

Several types of CJD have been identified.
Two major forms of PrPSc are found in CJD,
types 1 and 2, which are characterized by mi-
gration of the unglycosylated PrPSc polypeptide
at 21 and 19 kDa, respectively (Parchi et al.
1996). These differences result from PK cleavage
of PrPSc at amino acid residue 82 in type 1 and
residue 97 in type 2 (Parchi et al. 2000). These
two subtypes can be further refined into six
subtypes based on the PRNP codon 129 methi-
onine/valine polymorphism. The subtypes of
CJD correspond with specific clinical and path-
ological characteristics (Parchi et al. 1996,
1999), and may illuminate the etiology of CJD
and suggest that some cases of sCJD may actu-
ally be attributable to an infectious etiology
(Kobayashi et al. 2015).

Experimental transmission studies under
controlled conditions firmly established the ex-
istence of prion strains in natural prion disease.
Although the evidence for strains in the natural
host species is strong, factors that are not con-
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trolled under field conditions could influence
the outcome of disease (Fig. 1). As mentioned
earlier in this section, the scratching and drowsy
strains of scrapie are preserved following serial
passage, indicating that strain diversity exists in
natural disease. Experimental passage of SSBP/
1 to mice results in the isolation of several dis-
tinct strains, suggesting that more than one
strain of sheep scrapie is present in the inocu-
lum (Thackray et al. 2011, 2012). Interspecies
transmission, however, can lead to generation of
new strains, complicating the interpretation of
these studies (Kimberlin et al. 1987b; Bartz et al.
2000). To eliminate this variable, transmission
of prions to transgenic mice expressing PrPC

with the same amino acid sequence as the inoc-
ulum PrPSc can preserve strain properties (Scott
et al. 1989); however, recent evidence suggests
that this is not always the case (Crowell et al.
2015). Transmission of sCJD and FFI, which
have 21 and 19 kDa deglycosylated PrPSc,
respectively, to transgenic mice that express a
chimeric human–mouse PrP gene results in
the preservation of strain-specific biochemical
properties of PrPSc, which indicates that these
are bona fide prion strains (Telling et al. 1996).
Similarly, experimental passage of H- and L-
type BSE to transgenic mice expressing bovine
PrPC result in the preservation of strain-specific
migration of PrPSc, confirming that these are
indeed distinct strains of BSE (Buschmann
et al. 2006). Passage of sheep scrapie to trans-
genic mice expressing ovine PrPC results in the
preservation of the distinctive strain properties
and provides further evidence for the diversity
of strains in sheep scrapie (Thackray et al. 2011,
2012).

In natural prion disease, more than one pri-
on strain can be present in a single host. The
coexistence of classical and atypical (Nor98)
strains of scrapie is suggested by the presence
of both classical and atypical PrPSc and pathol-
ogy in a single sheep (Mazza et al. 2010). Pas-
sage of a single-sheep scrapie isolate to trans-
genic mice expressing ovine PrPC resulted in the
isolation of multiple distinct strains, suggesting
that the field isolate of scrapie contained more
than one prion strain (Thackray et al. 2011).
Evidence for the coexistence of prion strains

in humans infected with CJD is based on the
detection of both types 1 and 2 PrPSc in the
same individual (Puoti et al. 1999). The relative
percentage of CJD cases in which types 1 and 2
PrPSc coexist, however, is controversial (Poly-
menidou et al. 2005; Schoch et al. 2006; Notari
et al. 2007). Experimentally, incomplete PK di-
gestion of PrPSc may allow for an overestimation
of the co-occurrence of types 1 and 2 PrPSc

(Notari et al. 2004). Conversely, co-occurrence
of types 1 and 2 PrPSc may be underestimated if
a large panel of anti-PrP antibodies is not used
or if tissue sampling from a limited number of
brain regions occurs. Regardless, it is clear that
in natural prion disease, mixtures of prion
strains occur frequently. The effect of strain
mixtures on the development of disease and
transmission in cases of natural prion disease
is unclear.

CONSEQUENCES OF PRION STRAIN
MIXTURES

Selection of a strain from a mixture influences
prion adaptation. Transmission of prions to a
new species can result in extended incubation
periods and lower attack rates (i.e., species bar-
rier) compared with intraspecies transmission
in the original host species (Pattison 1966). The
species-barrier effect influences differences in
the amino acid sequence of the donor and
host PrPSc and PrPC (Bartz et al. 1994; Kocisko
et al. 1995; Priola and Chesebro 1995; Browning
et al. 2004). Subsequent serial passages in the
new host species result in strain adaptation,
which is characterized by a shortening and
eventual stabilization of the incubation period
(Kimberlin and Walker 1978). Adaptation is
thought to occur via selection of the strain
that is the most fit for the new host species
from either a preexisting mixture of strains or
from strains that are generated on interspecies
transmission (Kimberlin and Walker 1978;
Kimberlin et al. 1987b; Bartz et al. 2000). In
both of these possibilities, the number and rel-
ative ratio of the strains in a mixture is thought
to influence strain emergence.

An adapted strain that is stably passaged
may contain a mixture of strains. Consistent
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with this hypothesis, changing the prion repli-
cation environment either in cell culture or
PMCA can alter the properties of the strain,
perhaps by selecting for a minor strain that
was present in the starting inoculum (Li et al.
2010; Mahal et al. 2010; Gonzalez-Montalban
et al. 2013; Makarava et al. 2013). This can
also be accomplished by selection of prions
that propagate in the presence of antiprion
drugs that, once the drug is removed, revert
back to the drug-sensitive phenotype (Li et al.
2010). These data suggest that prions act as a
quasispecies. Viral quasispecies are defined as a
population of similar but not identical viral
particles that are a consequence of a high mu-
tation rate of the viral genome (Domingo et al.
1978; Domingo 2000). Likewise, prion quasi-
species are hypothesized to be a similar but
not identical population of PrPSc conforma-
tions (Collinge and Clarke 2007; Li et al.
2010). Although intriguing, little is understood
about the mutation rate of prions, and the dis-
tribution of PrPSc conformations is unknown
(Kimberlin and Walker 1986; Bruce and Dick-
inson 1987; Kimberlin et al. 1987b). The impli-
cation of multiple strains existing as one mix-
ture on the biology of prion disease is only
beginning to be understood.

Prion strains can interfere with each other.
This was first observed in mice when the long
incubation period strain 22C was inoculated
before superinfection with 22A. As the interval
between inoculation with the blocking strain
22C and superinfection with 22A increased,
22C was able to extend the incubation period
or completely block 22A from causing disease
(Dickinson et al. 1972). Prion-strain interfer-
ence can occur by either superinfection, as in
the previous example, or during co-infection in
which the short and long incubation period
strains are inoculated simultaneously. Strain in-
terference occurs between strains from mouse,
hamster, and human prions, indicating that the
phenomenon is not limited to one species
(Manuelidis 1998; Baron and Biacabe 2001;
Bartz et al. 2004; Schutt and Bartz 2008; Nilsson
et al. 2010; Haldiman et al. 2013). Strain inter-
ference can occur following inoculation via
either neuronal (intracerebral, sciatic nerve)

(Dickinson et al. 1975; Shikiya et al. 2010) or
non-neuronal (intraperitoneal, oral) (Dickinson
et al. 1975) routes of inoculation. Overall, strain
interference is a common property of prions.

The relative onset of replication of the
blocking and superinfecting strain influences
strain emergence. When the blocking and the
superinfecting strains are co-infected, as the rel-
ative titer of the blocking strain to the superin-
fecting strain is increased, the blocking strain
has an increased ability to interfere with the
superinfecting strain (Dickinson et al. 1975).
Interestingly, the titer of the blocking strain
must be greater compared with the superinfect-
ing strain for strain interference to occur in an-
imals and in vitro using the PMCA strain inter-
ference model (Shikiya et al. 2010). In strain
interference attributable to superinfection, ex-
tending the time between inoculation of the
blocking strain and superinfecting strain in-
creases the ability of the blocking strain to in-
terfere with the superinfecting strain (Dickin-
son et al. 1972, 1975; Bartz et al. 2004, 2007;
Shikiya et al. 2010). For strain interference to
occur in both circumstances (i.e., co-infection
or superinfection), the onset of replication of
the slowly replicating long incubation period
strain before the onset of replication of the faster
replicating short incubation period strain is re-
quired (Bartz et al. 2007).

The blocking strain replication is required
for strain interference to occur. Inactivation of
the 22A strain by boiling, exposure to 12 M
urea, or ionizing radiation eliminates the ability
to interfere with the superinfected 22C strain,
indicating that blocking strain replication and
infectivity is necessary for strain interference
(Kimberlin and Walker 1985). Mice inoculated
with TME do not develop prion disease, and
when the TME agent is used as the blocking
strain, it does not extend the incubation period
of 22A, 22C, 79A, 87A, 139A, or ME7 strains
(Taylor et al. 1986). These data suggest that rep-
lication (and not simply site blocking) is re-
quired for strain interference to occur.

Strain interference requires that the block-
ing and superinfecting strains infect the same
cells. Sciatic nerve inoculation of hamsters with
a long incubation period strain (DY TME) be-
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fore superinfection with a short incubation pe-
riod strain (HY TME) leads to extension of the
incubation period of complete blockage of HY
TME (Bartz et al. 2004, 2007). In this system,
ventral motor neurons (VMNs) ipsilateral to
the side of inoculation are the first cells infected
by both HYand DY TME, suggesting that VMNs
are where strain interference occurs (Bartz et al.
2007; Ayers et al. 2009; Shikiya et al. 2010).
Consistent with this hypothesis, superinfection
of the sciatic nerve with HY TME opposite (i.e.,
contralateral) to the DY TME–infected nerve
eliminates strain interference, and the animals
develop disease with incubation periods similar
to animals inoculated with HY TME alone
(Bartz et al. 2007). This conclusively shows
that both strains need to infect the same popu-
lation of neurons (VMNs in this example) for
the strain interference effect to occur. Finally,
these data indicate that a soluble secreted factor
does not produce the strain interference effect.

The mechanism of prion strain interference
is not known. The replication site hypothesis
predicts that prion strains compete for a limited
number of prion replication sites in the host
that are necessary for propagation of both the
blocking and superinfection strains (Dickinson
and Outram 1979). The replication site was hy-
pothesized to be the gene product of Sinc (Dick-
inson and Outram 1979), which was subse-
quently identified as PrPC (Hunter et al. 1987;
Westaway et al. 1987). Consistent with this hy-
pothesis, PMCA strain interference studies in-
dicate that the blocking strain DY TME does not
convert all of the available PrPC to PrPSc, yet it
is still able to interfere with the superinfecting
strain HY TME (Shikiya et al. 2010). In animals,
the blocking strain does not disrupt transport to
or result in the death of cells required for super-
infection replication, and the only observed
change that corresponds with strain interfer-
ence is the formation of PrPSc (Shikiya et al.
2010). These data suggest that the blocking
strain is sequestering PrPC or preventing its
use by the superinfecting strain (Shikiya et al.
2010). Recent evidence indicates that just before
the onset of clinical disease, PrPC expression is
downregulated in the CNS (Mays et al. 2014,
2015). This could provide another mechanism

by which the blocking strain limits the number
of replication sites; however, it remains to be
established whether PrPC downregulation oc-
curs in neurons at the early time points postin-
fection when the blocking strain is able to inter-
fere with the superinfecting strain.

CONCLUSIONS

A significant challenge in prion biology is
to identify the novel mechanisms that a pro-
tein-only infectious agent uses to accomplish
complex biological tasks. Prion strains are
operationally defined by differences in neuropa-
thology when passaged under controlled exper-
imental conditions. The current definition of
prion strains is based on a fundamental lack of
understanding of the molecular basis that en-
codes prion strain variation. It is unclear wheth-
er strain-specific differences in PrPSc conforma-
tion alone can encode strain variation or
whether strain-specific cofactors are involved.
It is unknown whether the biochemical proper-
ties of PrPSc that correspond with strain varia-
tion are causative or correlative. Further com-
plicating the understanding of prion strains is
recent evidence suggesting that strains are not
static and unchanging but rather a dynamic
mixture of many strains. Although much has
been accomplished, further work is clearly
needed to resolve these longstanding, impor-
tant problems in prion biology.
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Jeffrey M, Martin S, González L, Ryder S, Bellworthy S, Jack-
man R. 2001. Differential diagnosis of infections with the
bovine spongiform encephalopathy (BSE) and scrapie
agents in sheep. J Comp Pathol 125: 271–284.
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