Here, we present the results of the application of a real-time
PCR assay for the diagnosis and follow~up of brucellosis in a
large number of patients, and we discuss the potential path-
ophysiological significance of the findings.

MATERIALS AND METHODS

Patients. Peripheral blood specimens (both whole blood and
serum) were collected from 39 patients who had received a di-
agnosis of acute brucellosis and from 50 healthy blood donors
(control group). A minimum of 3 samples per patient were ob-
tained (1 at diagnosis, 1 at the end of treatment, and at least 1
during the follow-up period). The control group, matched for
age and sex, had no antibodies to Brucella species. All patients
received a diagnosis of acute brucellosis during the period 2001—
2004 in the University Hospital of Ioannina, reference center for
the district of Epirus in northwestern Greece, where (like in
nearby Greek and foreign regions) brucellosis is endemic [1, 10].
Epidemiological, clinical, and microbiological i:ha‘ratteristi,cs of
the patient population are presented in table 1.

The diagnosis of acute brucellosis was established according
to 1 of the following criteria: (1) isolation of Brucella species
in blood -culture or other clinical samples or (2) the presence
of suggestive clinical characteristics together with the demon-
stration ‘of specific-antibodies at high titers, seroconversion, or
an increase in’ antibodies in a serum sample obtained 15-20
days after the first sample was obtained.

The posttreatment phase varied from 2 to 36 months, ac-
cording to the continuity of patient visits. Three patients ex-

Table 1.
ings for patients with brucellosis.

perienced relapse during the follow-up period. Of the 39 study
patients, 30 were treated with the standard regimen of doxy-
cycline plus rifampin, 7 were treated with doxycycline plus
ciprofloxacin, 1 was treated with moxalactamm, and 1 was -
treated with doxycycline plus streptomycin (the latter for 2
weeks). The duration of treatment was 6 weeks for all but 4
patients. Two patients were treated for 12 weeks (1 with doxy-
cycline plus rifampin and 1 with doxycycline plus ciprofloxa-
cin), and 2 patients were treated for 6 months (1 with doxy-
cycline plus ciprofloxacin and 1 with doxycycline plus
rifampin). Analysis of the evolution of the bacterial DNA load
was performed at the time of initial diagnosis, at the end of
treatment, and during the follow-up period (2, 6, 12-24, and
24-36 months after the end of treatment). The study underwent
ethics review and approval.

Bacteriological and serological techniques. Serological
tests—including rose Bengal plate (RBP) agglutination, Wright
seroagglutination, and ELISA (Serion ELISA Classic Brucella
IgG/IgM/IgA; Institut Virion\Serion; detecting IgM, IgG, and
IgA antibodies)—were performed on all patient and control
specimens; blood cultures were performed for 24 of the initial
39 patients.

The RBP agglutination and the Wright serbagglutination tests
were performed in accordance with techniques described else-
where [11]. The ELISA was performed in accordance with the
manufacturer’s instructions. Blood cultures were processed
with BacT/Alert (bioMérieux) in accordance with standard
techniques [12, 13] and were monitored for 10 consecutive

Demographic characteristics and clinical and mlcroblologlcal ﬁnd-

Variable

Patients

Demographic characteristic
ale -

Fever

Diagnostic test result
_ Titer =1:160, by Wright test

ELISA test

30 (77)

41 (16-78)

36 (92)

39 (100)

NOTE. Data are no. (%) of patients, unless otherwise indicated. RBP rose Bengal plate.
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days. If the system failed to detect any growth, the vials were .

transferred to a conventional incubator for 10 additional days.
Blind subcultures were performed on days 10 and 20 on Bru-
cella agar (BBL; Becton Dickinson) and were incubated at 37°C
in a 5%~10% carbon dioxide atmosphere for 3 days [12, 13].
If growth appeared, the suspected colonies were identified by
colonial morphology; Gram staining; oxidase, catalase, and ure-
ase tests; and positive égglutination with specific antiserum.
Identification and biotyping of Brucella species were performed
in accordance with standard microbiological procedures {14].

“Isolation of DNA from clinical blood specimens and bac-
teria strains. Peripheral blqdd samples were collected in
EDTA tubes; DNA was extracted from whole blood (200 pL)
with the QIAamp DNA Blon Mini Kit (Qiagen) in accordance
with the manufacturer’s instructions. The kit couples the se-
lective binding properties of silica gels with a microcentrifu-
gation step. The specimens wére first lysed. withvprotease ina
buffer chosen to optimize- the DNA-binding capacities on the
QIAamp membrane. The use of the silica column allowed, after

DNA coating, eﬁicnent washmg of the samples to eliminate ‘

contaminants. After elutlon, DNA was stored at —80°C until
PCR amphﬁcatxon analysis.

Hybndazatwn probe—based .quantitative real-time PCR
assay. . The real-tune PCR. assay was based on direct ampli-

- fication of a 207—base palr DNA sequence of a gene that codes

for the synthesxs of an unmunogenetlc 31-kilodalton protein

specific for the Brucella genus (BCSP31). The primer pair used

was t}gat pu_bl;shed by Baily et al. [15]. The amplification prod- v

uct was detected by using fluorescence technique hybridization
probes labeled with LightCycler Red 640 (detected in channel
F2). A control amplification reaction in the third channel (F3)
acted as an internal run control. A single-tube duplex
LightCycler-PCR (LC-PCR) was performed using the FastStart
DNA Hybridization Probes kit (Roche Diagnostics). To each

LightCycler glass capillary, we added 20 uL reaction mixture -

“containing 6.6 uL. PCR-grade water, 2.5 mmol of magnesium
chloride, 4.0 puL reagent mix (containing primers and probes),
2.0 pL FastStart mix, and 5.0 uL template (sample or standard).
Primers and probes were designed and provided by TIB MOL-
BIOL. To detect any ampicon contamination or amplification
failure, negative controls that contained 5 uL of PCR water

_instead of DNA and positive controls that contained DNA of -

Brucella melitensis biovar 1 were included in each real-time PCR
run. Cycling conditions consisted of initial denaturation at 95°C
for 10 min, followed by 55 cycles at 95°C for 10 s, at 55°C for.
8 5, and at 72°C for 15 s in a LightCycler instrument (Roche
Diagnbstics). Fluorescence curves were analyzed with Light-
Cycler software, version 3.5. After amplification, melting-curve
analysis was performéd to verify the specificity of PCR products

(1 cycle consisted of 95°C for 20 s, -40°C for:20 s, and 85°C -
for 0 s). The BCSP31-derived product was identified by running

the melting curve with a specific melting point of 67.5°C (con-
centration dependent). A standard curve, comprising 10-fold

" dilutions of Brucella BCSP31 DNA of 10'-10 target equivalents,

allowed quantification of unknown samples. In the provided
standard row (TIB MOLBIOL), the lowest concentration (10
copies) was amplified in 35-36 .cycles; 100, 10,000, and
1,000,000 copies were amplified after 32--33, 25-26, and 17—
18 cycles, respectively (with the crossing point calculated by
the “second derivative maximum”). With the method “fit
points,” the crossing point values were 32~33, 28-29, 22-23,
and 15-16 cycles, respectively. The detection limit of the
method spiked with serial dilution of B. melitensis DNA was
10 copxes/S p#L DNA extract.

RESULTS

Brucella species was initially isolated in blood cultures from 13

(54%) of the 24 patients with available blood specimens. All.. =~
strains isolated were identified as B. melitensis biotype 2. Of .. . -
the 13 patients who had positive blood culture results, 12-also . |

had positive results for all 3 serological- tests used, whereas 1
had positive results only for 2 serological tests (RBP aggluﬁ- :
nation and ELISA). The remaining 26 (67%) of the 39 patients . -
with acute brucellosis received their diagnoses on the basis of

- clinical and serological criteria. The RBP agglutination test re-. .

sult was positive for 37 patients (95%). The Wright seroagglu-.
tination test titers were within the diagnostic range (titers, >1:

-.160) in 36 patients (92%). For the assessment.of the ELISA -

results, samples with an optical density of 10% greater than
the cutoff optical density were considered to be positive; sam-
ples from all 39 patients (100%) were positive. The types of

" antibodies detected” by the ELISA were as follows for the 39

ELISA—posmve samples 1gG, 27 (69%), IgA, 34 (87%); and
IgM, 31 (80%).

All specimens obtained from 39 patients at initial diagnosis
had positive real-'ﬁme PCR assay results, conferring a sensitivity
of 100%. All specimens obtained from the control group were
negative for ‘B. melitensis, conferring a specificity of 100%.

‘The evolution of the bacterial DNA load is shown in figure

“1. The mean B. melitensis DNA load ( % SD) for the 39 patients
-at the time of diagnosis was 803 =t 1236 copies/5 pL DNA

extract (range, 264570 copies/5 uL. DNA extract). At the end
of treatment, samples from 34 patients (87%) remained positive
for B. melitensis, with a mean bacterial DNA load (+SD) of

1240 + 314 copies/5 uL DNA extract (range, 0-1230 copies/5.

pL DNA extract). Two months after the end of treatment, sam-

" ples were collected from 34 patients, and the mean bacterial
" DNA load (+SD) was 192 % 236 copies/5 uL. DNA extract

(range, 0-875 copies/5 pL DNA extract; results for 27 patients
remained positive). Six months after the end of treatment, sam-

“ples were collected from 26 patients, and the mean bacterial

DNA load (£SD) was 96 * 135 copies/5 uL DNA extract
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Figure 1. Evolution of Brucella melitensis DNA load at initial diagnosis

and during the follow-up period. m, Months.

(range, 0-432 copies/5 uL. DNA extract; results for 20 patients
remained positive). Twelve to 24 months after the end of treat-
ment, samples were collected from 16 patients, and the mean
bacterial DNA load (£SD) was 80 * 126 copies/5 puL- DNA
extract (range, 0-420 copies/5 uL. DNA extract; results for 10
patients remained positive, and 1 patient had negative results
for 2 consecutive specimens and then had a positive result but

did not experience relapse). Twenty-four to 36. months after

the end of treatment, samples were collected from 10 patients,
and the mean bacterial DNA load (% SD) was 56 + 74 'copies/
5 pL DNA: extract (range, 0-220 copies/5 uL. DNA extract; 7
patients continued to have positive results). Of 21 patients who
were monitored for >1 year after therapy, 13 continued to have
positive real-time PCR results but were 53ymptomatic. One
patient had positive real-time PCR results 2 years after infec-
tion, although the patient had had negative real-time PCR re-
sults at the 1-year follow-up. Serological test results for these
patients did not differ significantly between individuals with
detectable and undetectable bacterial loads, with a mean Wright
agglutination titer of 1:40, the presence of IgG antibodies de-
termined by ELISA in all patients, and the presence of IgA
antibodies in a minority of patients. During the follow-up phase
of the study, only 3 patients experienced relapse. On relapse,
1 patient had positive blood culture results, whereas the other
2 relapses were diagnosed on the basis of clinical findings. In
the 3 patients who experienced relapse, there was no increaée_
in bacterial load during syinptom reappearance, compared with
their previous follow-up bacterial load measurement, although
their titers did not decrease either. There were no statistically
significant differences with regard to initial or posttreatment
microbiological load between those who did and did not ex-
perience relapse. Results of blood cultures, when samples were
obtained after treatment completion, were negative for all pa-
tients who did not experience relapse.

DISCUSSION

An emerging method for the detection and identification of a
variety of infectious agents in the clinical laboratory is real-
time PCR [16]. Real-time PCR was developed to improve the
sensitivity, specificity, and speed of detecting PCR amplification
products [17]. It does not require postamplification handling
of PCR products, thereby reducing the risk of laboratory con-
tamination and false-positive results. Moreover, real-time PCR
has emerged as a powerful tool for quantification of the mi-
crobiological load; this is a concept that is valuable for nu-
merous infectious disorders (e.g., hepatitis and HIV mfecnon),
real-time PCR has also blurred the traditional definitions of
“eradication.” Microbiological eradication (i.¢., achievement of
negative culture results) has long been used as an end point in
clinical trials for several infections. However, these principles
do not apply to a potentially chronic intracellular infection such
as brucellosis. Therefore, microbiological load could serve as
an indirect index of pathogen presence. One has to take into
account, however, all of the potential problems of such an
application; for example, isolation of DNA particles cannot
discriminate between living and “eradicated” microorganisms.
Furthermore, microbiological load could theoretically serve as
an index of disease burden and thus allow for patient strati-
fication by disease severity, relapse potentlal and therapeutic
regimens needed.

Our study revealed startling results. A significant number of
patients continued to exhibit microbiological load even years
after clinical cure and in the absence of any symptom indicative
of disease persistence or relapse. We consider our results to be
indicative of the long-term presence of viable bacteria in the
human body in a cellular reservoir that needs further clarifi-
cation. Could the results be explained as the outcome of particle
shedding by dead bacteria? These dead bacteria could not be
the result of antibiotic treatment administered <1 year earlier.
Thus, in this case, bacteria indeed pefsisted for a long period -
after infection and clinical cure; these bacteria failed to elicit
clinical manifestations, possibly because of a robust sustained
immune response that eventually eliminates them by switching
on the initially cancelled cellular apoptosis [18].

Even if we accept this alternative explanation, the only viable
pathophysiological scenario is that, at least in the majority of
patients, Brucella species persist inside the human body despite
apparent clinical cure. The pathogen may replicate at low fre-
quency. It may even cause transient, low-level bacteremia in a
manner that can be handled by the body’s immune system in
such a way as to avoid the evolution of clinical disease. In that
case, brucellosis should be considered to be only a chronic
infection (much like tuberculosis), the clinical presentation of
which depends on the equilibrium between the immune system
and the microbial pathogenicity. Certain studies of patients with
chronic brucellosis have indeed focused on such a dysregulation
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[19]. The level at which this interaction occurs is vague; low-
level bacteremia may not be detected easily, and follow-up
through cultures of bone marrow specimens, theoretically
sound and suggested to be diagnostically superior {20}, is not
convenient. Moreover, one could hypothesize that, with use of
more-sensitive diagnostic techniques, it could be determined
that patients with undetectable mrcroblologrcal loads mlght ac-
tually have microbiological loads.

Contradictory results have emerged from the few relevant
studies, with smaller sample numbers, that have recently been
reported. Similar findings were elicited in a Spanish study [21]
that showed that 4 of 7 individuals who experienced relapse
and 3 of 11 who did not experience relapse also exhibited
detectable bacterial loads after long-term follow-up. A similar
result was also reported from a study in Peru [22] that used
plain PCR for follow-up; the majority of the patients had PCR-
positive samples even months after treatment completion.
These results, however, were not reproduced in another Spanish

study [23] that used a slightly different methodology. Two other

real-time PCR studies did not evaluate evolution of the mi-
crobiological load during disease stages [24, 25].

One could support the hypothesis that patients with de-

- tectable microbiological loads were simply inadequately treated

and were therefore candidates for relapse. However, the few ..~
who experienced relapse did not preferentially belong, to the -
-subgroup of patients with continually detected bacterial load.
In addition, these patients did not exhibit higher loads or any -
statistically significant difference than did those of the group -
that did not experience relapse. Furthermore, relapses usually

occur during the first few months after the end of treatment,
and 90% of them usually occur during the first follow-up year,
a cutoff point surpassed by our patients. No data can be ex-
tracted about whether a specific therapeutic regimen was related
to long-term detectable microbiological loads because the ma-

jority 'of the patients were treated with the same regimen. In
the Spanish study [21], numerous regimens were used, and the -
small statistical sample did not allow for any conclusions to be

drawn.

One might argue that the significance of the study is marred -

by the fact that all patients with detectable DNA load during

the follow-up period had negative results of blood cultures;
thus, the PCR results may be considered to be dubious. Yet

‘this fact (1e negatlve blood culture results) underlines the

importance of our findings. If these patients had positive results
of blood cultures, they would be considered de facto to havev_ y
experienced relapse (reappearance of posrtlve blood culture re- ‘

sults is consrdered to indicate a relapse even m the absence of
symptoms). These patients, however; met absolutely no criteria
for relapse or disease in general, despite having detectable DNA

load for Bryeella species. Cases of reappearance of Brucella

infection years after the initial course of symptoms are not rare,
especially in the context of foreign body infection [26].

One might argue that there is selection bias in our results,
because bacterial load was evaluated in only 10 patients in the
24-36-month period. However, the other study patients did not
experience relapse, as assessed by telephone interview performed
by 1 of the authors during this period; thus, the 10 patients for
whom bacterial load data were available could be considered to

" be representative of the entire sample. Furthermore, a similar

trend was observed among larger subsets of patients in the various
follow-up time frames depicted in figure 1.

Recognizing that brucellosis is a chronic infection means that
our understanding of the pathophysiology, diagnosis, and treat-
ment of the disease may be drastically altered. First, one has
to understand what suppresses Brucella species pathogenicity

during the protracted posttreatment period when bacterial load
is detectable. Moreover, one has to elucidate which are. the

critical components of this suppression and whether patients
with chronic brucellosis exhibit a defect in these components..

- Second, one has to define whether the initial- bacterial load:is:
related to disease severity, tendency to relapse, or .need for:
-enhanced antibiotic treatment.. Third, one has to seek’ other -
predictors of relapse, because real-time PCR did not exhibit -
-any correlation in the present .study. Finally, with regard to
therapy, one has to redefine treatment goals. Eradication-;wa‘s .

never set as an issue in brucellosis, and the “acceptable” per-
centage of relapses was arbitrary [27]. The future question,

however; will be whether to treat aggressively, with menitoring -

of the bacterial load, or to simply ignore the results and allow
the pathogen to parasitize inside the human body. - .
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Rickettsia felis as Emergent Global
Threat for Humans
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Rickettsia felis is an emergent pathogen belonging to
transitional group rickettsiae. First described in 1990, R.
felis infections have been reported to occur worldwide in
fleas, mammals, and humans. Because clinical signs of the
illness are similar to those of murine typhus and other fe-

brile illnesses such as dengue, the infection in humans is .

likely underestimated. R. felis has been found throughout
the world in several types of ectoparasites; cat fleas appear
to be the most common vectors. R. felis infection should be
considered an emergent threat to human health,

ickettsia felis is a member of the genus Rickettsia,

which comprises intracellular pathogens that produce
infections commonly called rickettsioses. Although the
genus has no.recognized subspecies, rickettsiae have tra-
ditionally been subdivided into 2 groups: the spotted fever
group (SFG) and the typhus group. Infections produced by
these 2 groups are clinically indistinguishable; however,
groups can be differentiated by outer membrane protein
OmpA (absent in the typhus group) and by vector. SFG

members are transmitted by ticks; typhus group members, -

by fleas and lice (/,2). More recently, Gillespie et al. (3)
added to this classification by designating the transitional
group of rickettsiae and describing an ancestral group of
rickettsiae.

In 1990, Adams et al. described a nckettsxa—hke or-
ganism, which resembled R. typhi, ‘in the cytoplasm of -

midgut cells of a colony of cat fleas (7). The new rickettsia
received the-initial name of ELB agent after the company

from which the fleas were obtained (El Labs, Soquel, CA, .

'Universidaq Auténoma de Yucatan, Mérida, México
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USA) (4). The first observations, such as reactivity with
antibodies to R. typhi (1), the type of vector in which it was
first discovered (J), and the apparent absence of OmpA (3),
suggested that the new organism belonged to the typhus
group of rickettsiae (4). "

"The molecular characterization of the orgamsm “de-
scribed by Adams and reported by Bouyer ¢t al. in 2001
provided sufficient evidence to support the designation of
R. felis as a member of the SFG (6), and in 2002; La Scola
et al. provided further characterization (7). One notice-
able characteristic is the temperature-dependent growth of
the bacterium, which requires incubation temperatures of
28°-32°C for optimal growth. However, the most striking
characteristic of the novel rickettsia was the plasmid DNA
in its genome (8).

World Distribution in Potential Host Vectors

Soon after the initial description of the typhus-like
rickettsia, Williams et al. (9) reported that cat fleas col-
lected from opossums in an urban setting in California

‘were infected with the novel rickettsia, but no organism

was detected in the tissues of the opossums. Since this re-
port, this organism has been described in infected vectors
from 20 countries on 5 continents (9). Not until 2002 did
interest in R. felis increase, when the United States (9),
Brazil (10), Mexico (17), and Spain (/2) were among the
first countries to describe cat fleas (Ctenocephalides felis)
infected with R. felis. During the following 5 years, 28

.‘additional reports appeared from all over the world (Table

1). These reports describe new potential vectors being in-
fected with the emergent rickettsia, inclading the follow-
ing: fleas, such as C. canis (13—15), Anomiopsyllus nudata
(16), Archaeopsylla erinacei (13,17), Ctenophthalmus sp.
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Table 1. Potential vectors infected with Rickettsia felis reported worldwide, 1992-2007"

Reference

Year Source of DNA sample Animalt Country

1992 Ctenocephalides felis Opossum USA 9
2002 C. felis Cats and dogs Brazil (10)
2002 C. felis Dogs Mexico (1)
2002 . C.telis Cats and dogs Spain (12)
2003 Haemophysalis flava, H. kitaokai, and Ixodes ovatus Unknown (flagging) Japan (19)
2003 C. felis "Cats France (22)
2003 C. felis Cats and dogs UK (23)
2004 C. felis Dogs Peru (24)
2005 Anomiopsyllus nudata Wild rodents USA (16)
2005 C. felis Cats and dogs New Zealand (25)
2005 C. felis Monkey Gabon (26)
2006 C. felis and C. canis Dogs Brazil (13)
2006 C. felis and C. canis Cats and dogs Uruguay (14)
2006 Archaeopsylla erinacei and C. canis Hedgehog and rodents Algeria (15)
2006 A. erinacei and Ctenophtalmus sp. Rodents and hedgehog Portugal (17)
2006 Xenopsylla cheopis Rodentst Indonesia (18).
2006 ~ C'felis, Rhipicephalus sanguineus, and Amblyommma cajennense Dogs and horse Brazil (20)
2006 Unknown flea Gerbil Afghanistan - @27
2006 C. felis Cats and dogs Australia (28)
2006 C. felis Cats Israel (29
2006 ~C. felis Rodents Cyprus 30)
2007 Mites * Wild rodents South Korea’ @en o
2007 " C. felis Cats CCUSAT @3
2007 " C: felis Cats ‘Chile (32

*PCR was used to detect R.-fefis 1nfecnon with 1 noted exceptlon :
tAnimal host of potential vectors.
1Quantitative PCR.

{17), and Xenopsylla cheopt‘s (1 8); ticks, Haemaphysalis

Aava (19), Rhipicephalus ‘sar,z:guineus-(ZO_), and Ixodes:

ovatus (19); and mites from South Korea (27) (Table 1).
Despite the large number of potential vectors reported,
the only vector currently recognized is C. felis because it

has been demonstrated that this flea is able to maintain a ..
stable infected progeny through transovarial transmission
(4). In addition, production of antibody to R. felis has been -
noted in animals after they have been exposed to infected -

cat fleas (9). Other evidence to be considered is the fact

that 68.8% of the reports state that the cat flea is the most -

recurrent vector in which R. felis has been detected. These

data further support the wide distribution of rickettsiae -

because they correlate with the worldwide: distribution
of C. felis; this distribution represents a threat to the hu-

man population because of lack of host specificity of the .

cat flea.
“R. felxs mfectlon s dlagnosed by PCR amphﬁcatron
of targeted.genes.  The genes most commonly amplified

by researchers are git4: and ompB; followed by the 17-.
kDa gene. Also, 25% of published articles report that R. .
felis was detected by amplifying >2 genes, and all report
that amplicons. were confirmed as R felis by sequencing.

The animal hosts from which the infected ectoparasites
were tecovered represent a diversity of mammals (Table

1), which-included 9 different naturally infested animal

1020

species. However; in 16 of 33 articles, ectoparasites'were'

_recovered from dogs. Other hosts for ectoparasites- were,'
" cats (in 13 of 33 reports), rodents (S of 33 reports); opos-
_sums and hedgehogs (2 reports each); and horses, sheep,

goats, gerblls and monkeys (1 report for each animal
species). S
In summary, the presence of R. felis in a diverse range
‘of invertebrate and mammalian hosts represents a high
potential.risk for public health and the need: for further: -

" studies to-establish:the role of ectoparasites other than.C:

felis.as potential vectors; To-date, whether any vertebrate
may serve as the reservoir of this emergent pathogen has

not been determined. However; preliminary data from. .

our laboratory suggest that opossums are-the most hke]y- ;

) candrdates

‘ World Dlstrlbutlon of Human Cases

In 1994, the first human case of infection with the new

- cat flea rickettsia was reported in the United States (2). This

became the first evidence of R felis’ potential as a human

. pathogen. R. felis infection had a similar clinical manifes- -

tation-as murine typhus (including high fever [39°—40°C},
myalgia, and rash). Although the initial idea was that the

_murine typhus-like rickettsia had a transmission cycle in-
- volving cat fleas and opossums (2,5,9), no viable R. felzs

has yet been isolated from a vertebrate host.
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Three more cases of R. felis infection were reported
from southeastern Mexico in 2000. The patients had had
contact with fleas or animals known to carry fleas. The clin-
ical manifestations were those of a typical rickettsiosis: all
patients had fever and myalgia; but the skin lesions, instead
of a rash, were similar to those described for rickettsialpox.
In addition, for 3 patients, central nervous system involve-
ment developed, manifested as photophobia, hearing loss,
and signs of meningitis (33).

As occurred with the fast-growing reports of the
worldwide detection of R. felis in arthropod hosts; the re-
ports of human cases of R. felis infection increased rap-
idly in the following years (Table 2). But, in contrast, only
11 articles reported human infection by R. felis compared
with 32 that reported ectoparasite infection with the new
rickettsia. Nevertheless, these findings indicate that an ef-
fective surveillance system is urgently needed to distin-
guish R. felis rickettsiosis from other rickettsial infections
such as murine typhus and Rocky Mountain spotted fever,
and from other febrile illnesses such as dengue. Although
PCR is still a method of choice for many laboratories, its
high cost prevents many from using the technique, partic-
ularly in developing countries. Important advances have
been achieved in diagnostics, such as the recent establish-
ment of a stable culture of R. felis in cell lines that allows
its use as antigen in serologic assays differentiating the
cat flea rickettsia from others. Use of this culture in the
immunofluorecent assay has enabled detection of addi-
tional human cases (38). . ,

The first autochthonous human case in Europe was
reported in 2002, which demonstrated that R. felis has a
potential widespread distribution and is not confined to.the
Anmericas. It also confirmed the risk for human disease any-
where in the world. After the first report in Europe of a hu-
man infection of R. felis, other human cases have appeared
in other countries around the world, including Thailand
(36), Tunisia (38), Laos (39), and Spain (40); additional
cases have been reported in Mexico and Brazil (34). All
the data support the conclusion that the incidence of R. Jelis
rickettsiosis and the simultaneous worldwide distribution
of the flea vector plausibly explain its endemicity.

Rickettsia felis as Global Threat

At present, the involvement of domestic animals (e.g.,
dogs and cats) or wild animals coexisting in urban areas
(e.g., opossums) maintains R. felis infection in nature. C.
Jelis fleas serve as the main reservoir and likely have a cen-
tral role in transmission of human illness.

Conclusions

R. felis is an emergent rickettsial pathogen with a
worldwide distribution in mammals, humans, and ectopar-
asites. The clinical manifestations of R. felis infections re-
semble those of murine typhus and dengue, which makes
them difficult to diagnose without an appropriate labora-
tory test. For this reason, infections due to this emergent
pathogen are likely underestimated and misdiagnosed. Al-
though R. felis may require only fleas for its maintenance
in nature, we still do not know the role of animals in the
life cycle of flea-borne spotted fever rickettsia. In addition,
flea-borne spotted fever should be considered in the dif-
ferential diagnosis of infectious diseases. Further research
should be conducted to determine the actual incidence of
R. felis infection in humans, the spectrum of clinical signs
and symptoms, and the severity of this infection and also to
assess the’impact on public health.
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Date: Fri 25 Jul 2008 :

Source: Agrarisch Dagblad ([trans. from Dutch by Mod.AS, edited].
<http://www.agd.nl/1057422/Nieuws/Artikel/ Forse-toename-meldingen-Q-koorts.htm:

A substantial increase in the number of reported Q-fever cases

The number of reported cases of Q fever has risen sharply in recent
weeks again [For the officially available data, indicating that the
2008 epidemic seems ‘to have peaked by now, see the commentary. - Mod.AS]

The Public Health Service for Brabant had, in their last census on 21
Jul 2008, 491 known cases. That means that 5000 Brabanders have been
actually infected, says the Ministry-of Health. The disease spread
rapidly in Noord-Brabant and, to a lesser extent, in the Nijmegen
region. According to Roel Coutinho, head of the Centre for Infectious
Disease Control, the actual number of victims is not 5-fold the

number of reported cases but rather 10-fold.

The state branch of the Labour Party in Brabant has raised questions
about the matter to the Executive Council. According to council member
Nora Kasrioui, it is unclear what the directorate intends to do. "The
disease is really a serious and growing problem for the population. We
believe that the politics should go into action.” Kasrioui
acknowledges that it is difficult  to make policies aimed at Q fever
because much remains unclear about' the disease. "Uncomfortable or
not, organizations can always use help, financial or otherwise." [For
the official government policy and background, see item 2].

According to Coutinho, the disease can never be fully eradicated.
Normally it reappears during and following the lambing season. At
present, goats are seen as the main source of infection. The RIVM
(National Institute of Health and Environment), along with veterinary
experts, is considering how the transfer from animal to man is
established. Thereafter, a decision on further measures for disease
prevention will be taken. Until last year [2007], Q fever was almost
non-existent in the Netherlands.

A

[Byline: Jan Cees)

Communicated by:
ProMED-mail
<promed@promedmail.org>

* ok kk ok k

[2]
Date: 10 Jun 2008

Source: Dutch government official document No VD. 2008/1191,

"Measures for Q fever" [Trans. from Dutch by Mod.as, edited]
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<http://www.minlnv.nl/cdlpub/serviet/CDLSexviet?p file id=28304>

A letter from the Ministers of Agriculture and of Health to ‘the Parliament

During the recent weeks, a significant increase in the number of
Q-fever infections in humans has been observed again in the
north-eastern region of the province Noord (north) Brabant. This has
led to unrest among local people. With this letter we will bring you
up to date with additional precautionary measures that we will
undertake to prevent the spread of Q-fever as much as possible.

Q fever is a disease caused by the bacterium _Coxiella burnetii . It
is a zoonotic disease, which means that spread from animals to humans
can take place. Q fever is traditionally present around the world and
may affect many species -- not only farm animals but also species
such as birds, dogs, cats, rats and wild animals. Ticks can be a
vector in the transmission of Q fever

between animals.

. In particular, small ruminants are regarded as a major source of
infection for humans. After excretion,,the bacterium can survive a
long time in the air and sometimes spread over long distances. People
can be infected through various routes, including the inhalation of

infectious, airborne particles. Human infection is often manifested by >' o

mild symptoms but a more serious course may. occur.

The main clinical sign of Q fever in ruminants is abortion in
pregnant animals, caused by the bacterium. During and after the
abortion the animals excrete large quantities of the bacteria in
their manure.

Small ruminants intended for milk production are held mainly in
so-called pen barns. A pen barn is a shed where the manure is covered
on a regular basis with a new layer of straw. When the mixture of
manure and straw reaches a certain height, the shed is emptied.
Especially during the manure removal process, bacteria are shed into
the air with the consequent risk for both the public and animal
health. Possibly, the spreading of manure on land is 'also a risk
factor, but this procedure seems to be of less significance than the
removal process of manure from the pen barns. This difference became
apparent since manure from Noord Brabant farms has been used as
fertilizer in other provinces without harmful results in humans.

.Initiatives undertaken

_Following the 2007 Q-fever outbreak .in Herpen, Noord-Brabant, some

* steps were agreed between the Ministry of Health, Welfare and Sport
(VWS) and the Ministry of Agriculture, Nature and Food Quality .(LNV)
- to obtain better insight regarding the Q-fever problem and to
prevent, as far as possible, its spread to man. In this framework,

. advisory information on the hygiene measures to be applied in
small-ruminant farms has been prepared and published on the sites of
the Health, Welfare and Sports Ministry, the Agriculture Ministry,
and the Animal Health Service (GD). o

" Research by the Health Services has been undertaken in both large and
small ruminant sectors to obtain better understanding of the extent

of the problem. This research is funded by both sectors and by the
government. There is also research under way into the risk factors for
the spread of Q-fever.

The relevant research institutes, namely the National Institute of
. Health and Environment (RIVM), the Central Veterinary Research
Institute (CVI) and the Health Service (GD) are also in the process
of development and validation of testing methods suitable for the
detection and identification of the bacterium. o

Finally, a research initiative is ongoing regardinq'intervention
strategies. Special attention is paid to a vaccine which is currently '
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being tested in Denmark and France, considering its possible
experimental application in the Netherlands as well.

Designating Q fever as an infectious, reportable animal disease

In order to be able to apply preventive and control measures on animal
holdings, Q fever should be designated a reportable infectious animal
disease. Indeed, this has been carried out by the Minister of
Agriculture, adding Q fever to the list of animal diseases (including
zoonoses) for which compulsory prevention, control and monitoring are
requlated. Holders of small ruminants kept in pen barns are required
to report signs which may indicate Q fever. This requirement obliges
the veterinarians as well.

Measures regarding manure
'Experts agree that manure probably plays an important role in the
dissemination of the Q-fever agent in the province of Noord Brabant.

As a meaningful, provisional measure based on the precautionary
principle, we plan to ban, for the duration of 3 months, the use of
manure from small ruminant holdings in pen barns where serious
infection has been established. A period of 3 months is regarded
sufficient for a significant reduction of the infection load in the
manure. Since the removal of manure from the pen barns is unavoidable
as soon as the installation runs full, a practical solution is to be
sought and finalized soon.

.

Other measures and consultations

* In addition to the specific measures for the treatment of manure on
infected holdings, further sector-related advice will be given in

order to prevent future spread of Q fever. One of the ideas is to
prescribe an advanced timetable for an earlier-in-season spreading of
manure in the fields, preceding the lambing season. The aim is to
prevent the utilization of the manure until at least 3 months after

the lambing season, allowing significant reduction of its infection load.

Holdings with small ruminants are often frequented by recreation
visitors and others interested. Contacts of people with infected
premises are also undesirable. Temporarily preventing visits to such
holdings seems to us advisable.

There are also a certain number of sheep and goat fagyms which produce
their own cheese. This is often made with raw milk. The consumption of
raw products from infected farms is discouraged by the RIVM (National
Institute for Healthcare and the Environment). It seems therefore
primarily useful to prescribe pasteurization in certain cases. The
Minister for Health, Welfare and Sport will take these measures in
consultation with RIVM. '

With the above mentioned steps we try to limit, as far as possible,
the spread of Q fever. The measures are aimed at the earliest
possible action to diminish the risk of further spread. The
development of the pdlicy is being continued.

[Byline: e
G. Verburg, Minister of Agriculture, Nature and Food Quality, and
br. A. Klink, Minister of Health, Leisure and Sport]

Communicated by:
ProMED-mail
<promed@promedmail.org>

[The above ministerial letter, addressed to the Dutch parliament,
provides interesting and useful information on the epidemiology of the
disease in the Netherlands and the preventive and control measures
undertaken. It is also useful for those engaged in any handling of
emergency situations related to zoonotic diseases. Hopefully, action
plans and contemplated research will be accomplished according to plan.

In our previous posting (see ProMED archive below), data on the
disease incidence from different media sources were inconsistent; we
are grateful to Naomi Bryant, National Travel Health Network and
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Centre (NaTHNaC), for drawing our attention to that. Official Q fever

data for the first 28 weeks of 2008 (1 Jan - 23 Jul 2008) are

available on the official website of the Public Health

Service for Brabant (GGD Hart voor Brabant). The total number of

reported human cases during the said period was 538. The lst cases

appeared during week 3, remaining under 10/week until the 15th week,

when it began to rise, peaking during week 22 (72 cases). During the

weeks 27-28, the number is again below 10; the outbreak seems to be

dying out. The said data can be found (in Dutch) at
<http://www.rivm.nl/cib/infectieziekten-A-Z/infectieziekten/Q koorts/FAQ Q-koor

According to the said website, prior to 2007 the mean annual number
- of human Q fever cases, on national level, was 15. Since the disease
in animals was not reportable, there is no information on its
incidence in animals during the said years. The source indicates that
the main animal species responsible for the current outbreak are
goats, followed by sheep. - Mod.AS]

[see also:

'Q fever - Netherlands: (NBR) 20080725.2267 ]
.................... arn/ejp/iw-
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ProMED-mail makes every effort to verify the reports that
are posted, but the accuracy -and completeness of the

information, and of ‘any statements or opinions based
thereon, are not guaranteed. The reader assumes all risks in
using information posted or archived by ‘ProMED-mail. ISID

and. its associated service providers shall not be held
responsible for errors or omissions or held liable for . any
damages incurred as a result of use or reliance upon posted
or archived material.
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<http://www.isid.org/ProMEDMail Premium.shtml>

****************f*******************k***********************

Visit ProMED-mail's web site at <http://www.promedmail.org>.

Send all items for posting to: promed@promedmail.org
(NOT to an -individual moderator). If you do not give your
full name and affiliation, it “may not be posted. Send
commands - to subscribe/unsubscribe, get archives, help,
etc. to: majordomo@promedmail.orqg.  For assistance from a
human being send mail to: owner—promed@promedmail .orqg.
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Press Releases

Variant of Mad Cow Disease May Be Transmitted by Blood Transfusions,
According to Animal Study

(WASHINGTON, August 28, 2008) - Blood transfusions are a valuable treatment mechanism in modern medicine,
but can come with the risk of donor disease transmission. Researchers are continually studying the biology of blood
products to understand how certain diseases are transmitted in an effort to reduce this risk during blood
transfusions. According to a study in sheep prepublished online in Blood, the official journal of the American Society
of Hematology, the risk of transmitting bovine spongiform encephalopathy (BSE, commoniy known as "mad cow
disease") by biood transfusion is surprisingly high.

BSE is one of a group of rare neurodegenerative disorders called transmissible spongiform encephalopathies
(TSEs), and there is no reliable non-invasive test for detecting infection before the onset of clinical disease. In
addition to BSE, these diseases include scrapie, a closely related disease in sheep, and Creutzfeldt-Jakob disease
(CID) in humans, which causes neurological symptoms such as unsteadiness and involuntary movements that
develop as the illness progresses, rendering late-stage sufferers completely immobile at the time of death.

A new variant of CID (termed vCID) was recognized in the United Kingdom in the mid-1990s, apparently as a result
of the transmission of BSE to humans. Because the symptoms of this disease can take many years to appear, it
was not known how many people might have been infected, and without a reliable test for identifying these
individuals, clinicians were very concerned that the infection could be transmitted between people by blood
transfusion or contaminated surgical and dental instruments. As a result, costly control measures were introduced
as a precautionary measure to reduce the risk of disease transmission, although at the time it was unclear whether
there really was a significant risk or whether the control measures would be effective. This sheep study sought to
better understand how readily TSEs could be transmitted by biood transfusion in order to help develop more
targeted controfs.

“It is vitally important that we better understand the mechanisms of disease transmission during blood transfusions
so we can develop the most effective control measures and minimize human-to-human infections,” said Dr. Fiona
Houston, now a Faculty of Veterinary Medicine, University of Glasgow, UK, and lead author of the study.

The nine-year study conducted at the University of Edinburgh compared rates of disease transmission by examining
blood transfusions from sheep infected with BSE or scrapie; the BSE donors were experimentally infected, while the
scrapie donors had naturally acquired the disease. While scrapie is not thought to transmit to humans, it was
included as an infection acquired under field conditions, which could possibly give different results than those
obtained from experimentally infected animals. Because of the similarity in size of sheep and humans, the team
was able to collect and transfuse volumes of blood equivalent to those taken from human blood donors.

The outcome of the experiment showed that both BSE and scrapie could be effectively transmitted between sheep
by biood transfusion. Importantly, the team noted that transmission could occur when blood was collected from
donors before they developed signs of disease, but was more likely when they were in the later stages of infection.
Of the 22 sheep who received infected blood from the BSE donor group, five showed signs of TSEs and three others
showed evidence of infection without clinical signs, yielding an overall transmission rate of 36 percent. Of the 21
infected scrapie recipients, nine developed clinical scrapie, yielding an overall transmission rate ‘of 43 percent.

Investigators noted that the results were consistent with what is known about the four recorded cases of vCID
acquired by blood transfusion in humans. In addition to the stage of infection in the donor, factors such as genetic
variation in disease susceptibility and the blood component transfused may influence the transmission rate by
transfusion in both sheep and humans.

"The study shows that, for sheep infected with BSE or scrapie, transmission rates via blood transfusion can be high,
particularly when donors are in the later stages of infection. This suggests that blood transfusion represents an
efficient route of transmission for these diseases," said Dr. Houston. "Since the results are consistent with what we
know about human transmission, the work helps justify the control measures put in place to safeguard human

http://www.hematology.org/media/ 082820082:,§r§?pri nt=yes 2008/09/09
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blood supplies. It also shows that blood from BSE- and scrapie-infected sheep could be used effectively in non-
human experiments to answer important questions, such as which blood components are most heavily infected,
and to develop much-needed diagnostic tests."

Reporters who wish to receive a copy of the study or arrange an interview with lead author, Dr. Houston, may
contact Becka Livesay at 202-776-0544 or tivesay@hematoloqgy.org.

The American Society of Hematology (www.hematology.org) is the world's largest professional society concerned
with the causes and treatment of blood disorders. Its mission is to further the understanding, diagnosis, treatment,
and prevention of disorders affecting blood, bone marrow, and the immunologic, hemostatic, and vascular systems,
by promoting research, clinical care, education, training, and advocacy in hematology.

Back to Press Release Listing
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ORIGINAL ARTICLE

A Novel Human Disease with Abnormal
Prion Protein Sensitive to Protease

Pierluigi Gambetti, MD," Zhiqian Dong, PhD," Jue Yuan, BA,’ Xiangzhu Xiao, PhD," Mengjie Zheng, PhD,'
Amer Alshekhlee, MD,! Rudy Castellani, MD,? Mark Cohen, MD,! Marcelo A. Barria, PhD,?
D. Gonzalez-Romero, PhD,? Ermias D. Belay, MD,* Lawrence B. Schonberger, MD, MPH,*
Karen Marder, MD,® Carrie Harris, BA," James R. Burke, MD, PhD,® Thomas Montine, MD,’
Thomas Wisniewski, MD,® Dennis W. Dickson, MD,’ Claudio Soro, PhD,? Christine M. Hulette, MD,!°
James A. Mastrianni, MD, PhD,!! Qingzhong Kong, PhD,' and Wen-Quan Zou, MD, PhD!

Objective: To report a novel prion disedse characterized by distinct histopathological and immunostaining features, and asso-

ciated with an abnormal isoform of the prion protein (PrP) that, contrary to the common prion diseases, is predominantdy

sensitive to protease digestion.

Methods: Eleven subjects were investigated at the National Prion Disease Pathology Surveillance Center for clinical, histopatho-
logical, immunohistochemical, genotypical, and PrP characteristics.

Results: Partients presented with behavioral and psychiatric manifestations on average at 62 years, whereas mean disease
duration was 20 months. The type of spongiform degeneration, the PrP immunostaining pattern, and the presence of
microplaques distinguished these cases from those with known prion diseases. Typical protease-resistant PrP was undetectable
in the cerebral neocortex with standard diagnostic procedures. After enrichment, abnormal PrP was detected ar concentrations
16 times lower than common prion diseases; it included nearly 4 times less protease-resistant PrP, which formed a distinct
electrophoretic profile. The subjects examined comprised about 3% of sporadic cases evaluared by the National Prion Disease
Pathology Surveillance Center. Although several subjects had family histories of dementia, no mutations were found in the

PP gene open reading frame.

Interpretation: The distinct histopathological, PrP immunohistochemical, and physicochemical features, together with the
homogeneous genotype, indicate that this is a previously unidentified type: of disease involving the PrP, which we designated
“protease-sensitive prionopathy” (or PSPr). Protease-sensitive prionopathy is not rare among prion diseases, and it may be even
more prevalent than our data indicate because protease-sensitive prionopathy cases are likely'also to be dlassified within the group

of non-Alzheimer’s dementias.

Ann Neurol 2008;63:697-708

Human prion diseases or transmissible spongiform
encephalopathies may be sporadic, inherited, or ac-
quired by infection. Creutzfeldi—Jakob disease (CJD)
is the most common phenotype and occurs in all
three forms. In the sporadic form, CJD is classified
into five subtypes, which can be readily distinguished
based on clinical features, type and distribution of
brain lesions, and pattern of prion protein (PrP) im-
munostaining.”* Fatal insomnia, a much rarer pheno-
type, includes sporadic and inherited forms, and is
characterized by loss of ability to sleep and preferen-
tial thalamic degeneration.* Gerstmann-Striussler—S-

cheinker disease (GSS), the third phenotype, occurs
exclusively as a heritable disease invariably associated
with a mutation in the PcP gene open reading frame
(ORF) and is characterized by the presence of prion
amyloid plaques.*

Despite their heterogeneity, all sporadic human
prion diseases described to date have been associated
with abnormal PrP (commonly called PrP> but hence-
forth referred to as PrPr), which is resistant to treat-
ment with proteases and is considered the diagnostic
hallmark of these diseases.! PrPr is derived from nor-
mal or cellular PrP (PrP®) via a posttranslational tran-

From the 'Institute of Pathology, Case Western Reserve University,
Cleveland, OH; *Department of Pathology, University of Maryland,
Baltimore, MD; >Department of Neurology, Neuroscience and Cell
Biology, George and Cynthia Mitchell Center for Neurodegenera-
tive Diseases, University of Texas Medical Branch, Galveston, TX;
“Centers for Disease Control and Prevention, Adanta, GA; *Depart-

ment of Neurology, Columbia University, New York, NY; 6Dcpart— .

ment of Medicine, Division of Neurology, Duke University,
Durham, NC; "Harborview Medical Center, University of Wash-
ington, Seattle, WA; ®Department of Neurology, New York Uni-
versity, New York, NY; "Department of Neuropathology, Mayo

Clinic College of Medicine, Jacksonville, FL; Department of Pa-
thology, Duke University, Durham, NC; and ""Department of
Neurology, University of Chicago, Chicago, IL.

Received Nov S, 2007, and in revised form Apr 1, 2008. Accepted
for ‘publication Apr 4, 2008. :

Address correspondence to Dr Gambetti or Dr. Zou, Institute of
Pathology, Case Western Reserve University, 2085 Adelbert Road,
Cleveland, OH 44106, E-mail: - pxgl3@case.edu or wenquan.
zou@case.edu

© 2008 American Neurological Association = 697

Published by Wi'ley-Liss, Inc,, through Wiley Subscriprion Services

247



sition from a-helical to B-sheet-rich conformations.
PrP€ and PrPr are quite different. Whereas PrP is sol-
uble in nondenaturing detergents and is completely di-
gested when exposed to appropriate concentrations of
proteinase K (PK), PrPr is detergent insoluble and its
C-terminal region resists PK treatment.” Based on the
size of their PK-resistant fragments, at least three major
PrPr types are recognized, which codistribute with spe-
cific disease phenotypes: (1) PrPr type 1, which on PK
treatment generates an approximately 21kDa fragment;
(2) PrPr type 2, generating an approximately 19kDa
,fragment; and (3) PrP7-8, a PrP internal fragment of 7
to 8kDa.*~ Both PrPr types 1 and 2 have been ob-
served associated with distinct subtypes of CJD. To
date, PrP7-8 has been consistendy observed only in
GSS. Therefore, the conformational changes, which
render PrPr pathogenic and in many but not all cases
infectious, may engender different species or strains of
PrPr ‘that can be recognized based on their distinct
protease-resistant fragments and by their associated
clinicopathological phenotype.>”~'2

Studies mostly based on cxPcnmental models re-
cently have shown that PK-resistant PrP (PiPr) is asso-
ciated with varying quantities of a PrP isoform that, as
PrPr, is detergent insoluble but sensitive to protease di-

gestion (PrPs). 1115 The relation of PrPs with PrPr and
~ the role that PrPs plays in thc pathogenesis of prion
diseases remains uncertain.

Here we report 11 patients with a human disease
characterized by the presence of detergent-insoluble PrP
that is prédominantly sensitive to protease digestion and
forms unusual immunohistochemical patterns. Further-
more, the small amount of PrPr present generates a dis-
tince profile on immunoblot. Several affected patients
have family histories of dementia but lack mutations in
the PrP gene ORF. We refer to this condition as
protease-sensitive prionopathy (PSPr). PSPr broadens
the spectrum of human prion diseases and raises several
important issues related to the nature of these diseases in
light of their association with different PrP isoforms.
Among prion diseases, PSPr is not rare. Because the pre-
senting clinical signs often suggest the diagnosis of non-
Alzheimer’s dementia, PSPr may be even more prevalent
than our dara indicate because many PSPr cases might
currently be classified within this group of dementias.
Parts of this study have been presented previously.'?

Subjects and Methods

Subjects - :

The 11 (10 autopsy and 1 biopsy) patients and the control
subjects were referred to the National Prion Disease Pathol-
ogy Surveillance Center between May 2002 and ]anuary
2006. Consent was obtained to use tissues for rcscarch in-
cluding genetic analyses.
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General Tissue Processing
Fixed and frozen brain tissues were obtained from all subjects
and processed as described previously.?

Histopathology and Immunohistochemistry

Samples obrained from up to 18 brain regions were pro-
cessed as described previously.”* Lesion profiles were con-
structed using semiquantitative evaluation of spongiform de-
generation (SD) and astrogliosis in 12 brain regions from 6
subjects, and 4 or 5 regions from 2 subjects. SD and astro-
gliosis were scored (Fig 1), and the scores from each of the
brain regions were summed for each subject separately; values
were averaged, and sandard deviations were determined and
plotted according to.the brain region.? Vacuoles with larger than
4p.m diameter were measured individually on random photomi-
crographs of frontal neocortex (10/subject, X180) using Spot-
software version 4.6 after calibration (Diagnostic: Instruments,
Sterling Heights, MI). Sections from the frontal and occipital
neocortices, hippocampus, basal ganglia, thalamus, cerebellar
hemisphere; and midbrain were processed for PrP immunohis-
tochemistry with the monoclonal antibody (Mab) 3F4 or 1E4
(Cell Sciences, Canton, MA).Z2°=?3 Selected brain regions were
also immunostained with the Mabs 4G8 to amyloid B.*#

Electron Microscopy

Formalin-fixed postmortem brain tissue was processed  for
conventional electron microscopy and for PrP immunohisto-
chemistry according to standard techniques: usmg peroxidase-
antiperoxidase Mab 3F4 to PcP.?

Molecular Genetics
The entire PrP ORF was amplified by polymerase cham

reaction using genomic DNA extracted from_unfixed brain.
tissue or blood and the primers PrPO-F [GTCATYATG-

GCGAACCTTGG (Y = C + T)] and PrPO-R [CT-
CATCCCACKATCAGGAAG (K = T + G)}; sequencing
was done directly or after cloning into plasmid pSTBlue 1
(Novagen, Madison, WI) by automated sequencing.?

Prion Protein Characterization

CONVENTIONAL IMMUNOBLOT.
Five to 20p! 10% wt/vol brain homogenates thh or without
PK digestion (Sigma Chemical, St. Louis, MO) were loaded

" onto 15% Tris-HCI Criterion precast gels (Bio-Rad Laborato-

ries, Hercules, CA) for sodium dodecyl sulfate polyacrylamide
gel electrophoresis, and immunoblotted with-3F4 and 1E4 to
human PrP residues 109 to 112 and 97 to 108, respectively.?
PP was deglycosylated with PNGase F (New England Bio-
labs, Beverly, MA) following manufacturer’s instructions.

ENRICHMENT OF THE ABNORMAL PRION PROTEIN.

Two procedures were utilized: (1) capture of the abnormal
PrP with the gene 5 protein (g5p), as described previous-
ly”n, and (2) abnormal PrP precipitation ‘with sodium
phosphotungstate.”®

' SEDIMENTATION OF PRION PROTEIN IN SUCROSE GRADI-

ENTS. _
Brain homogenates ‘were incubated with 2% Sarkosyl for 30
minutes on ice, loaded atop 2 10 to 60% step sucrose gra-
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Fig 1. Histopathology and lesion profile. The spongiform degeneration of protease-sensitive prionopathy (PSPr) (A) is character-
ized by a mixture of small and intermediate size vacuoles, whereas the vacuoles of two subtypes of sporadic Creutzfeldi—fakob
disease*(CJID), sCJIDMM]1 (B) and sC/DMM?2 (C), are mostly small (6CIDMM1) or much larger and confluent (sCJDMM2).
(D) Eosinophilic microstructures surrounded by a pale halo (circle) in the cerebellar molecular layer; (A-D) Hematoxylin and
eosin staining. (E) Lesion profiles of PSPr (diamonds), sCJDMM 1 (squares), and sCIDVV2 (trianigles). Vertical bars refer to
standard deviations. In sCIDMM]I and sCIDVV2, for which data were adapted from Parchi and colleagues,® standard devia-
tions were omitted for c!arizy. Spongiform degeneration was scored on a 0 to 4 scale (0 = not detectable; 1 = mild: 2 = mod-
erate; 3 = severe; 4 = confluent); astrogliosis was scored on a 0 to 3 scale (0 = not detectable; 1 = mild: 2 = moderate;

3 = severe). FC = front cortex; TC = temporal cortex; PC = parietal cortex; OC = occipital cortex; H] = CAI of hip-
pocampus; EC = entorhinal cortex; BG = basal ganglia; TH = thalamus mediodorsal nucleus; MBIST = midbrain in PSPr,
substantia nigra in sCJDMM]I and sCIDVVZ; LC = ponss ME = medulla; CE = cerebellar cortex. :

dient and centrifuged 1 hour ar 200,000¢ in a SW55 rotor Seven patients were ataxic. Other consistent features in-

(Beckman Coulter, Fullerton, CA).'¢2327 cluded absence of periodic complexes on the electroen-
cephalogram and nondiagnostic 14-3-3 protein test in

Stazistics the cerebrospinal fluid. Magnetic resonance imaging

Analyses were performed with the two-rail Student’s ¢ test. showed diffuse atrophy without restricted diffusion sig-
nals in all 10 patients examined. No subject had known

Results history of prion exposure; probable familial occurrence

Clinical Features of dementia was reported in 6 of 10 investigated patients

Mean age of onset and disease duration were 62 years (see Table 1).

(range, 48~71 years) and 20 months (range, 1060

months), respectively (Table 1). Presentation and course Neurohistopathology

were dominated by neurobehavioral and psychiatric SD and astrogliosis of moderate severity were present

signs, with progressive motor and cognitive decline. in the cerebral cortex, basal ganglia, and thalamus of
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Table 1. Clinical Findings
M 62 60 Behavioral and Dementia, aphasia, Slowing +/- Mother died of (1) Righe
mood swings, ataxia, and seizure | right dementia at age hemispheric
: > 70 hypoperfusion
J:ancn( left on SPECT
:gn study; (2) CSF
bipolar 14-3-3 (ot
illness) performed)
F 71 33 Depmmon and Dementia, acaxia, Normal +/- Mother wich CSF 14-3-3 (not
dementia and Parkinsonism dementia pcrfo cd)
M. 70 12 v ;Demcnua and Aphasia, Normal +/—- Father with (l) Ncgmve CSF
apathy Parkmsomsm. dementia at age 14-3-3; (2)
L yperrefiexia, and 60 increased CS
prommm( froncal proceins
releasc signs 175mg/dl
. B without cells
M 50 7 (died in a  Dementia and Psychosis, aphasia, Diffuse NA NA Amblguous CSF
. i) mood swings patient fell and slowing 14-3-3
died of subdural
hematoma
F 67 11 " Dementia and Ataxia and Not +/— Dementia in a CSF 1.4;3-3 (t.x)r
" aphasia depression performed paternal aunt performed)
and sister died
of dementia at
age 69 .
M 60 13 Dementia Acaxia, psychosis, ‘NA +/- No Gamily history " CSF 14-3-3 (noc
and incontdnence of dementia perform
F 48 17 Dementia, Moror decline Diffuse +- Mother with ealy (1) Negative CSF
emotional slowing dementia at age 14-3-3; (2) 5
tability, and 60 patient had VP
outbursts shunt without
) response
F 64 10 Dementia, Acaxia, Diffuse +/- Mother with Negative CSF 14- @
depressi Parki slowing dementia 33
and psychaosis and tremor ]
M 63 23 a?;arient bcmmda Motor decline, Diffuse +/— Mother died ac (1) Global
ive) p lity Parkinsoni: slowing age 83 with hypogcrﬁuion
and behavioral and psychosis mild dementia on SPECT
changes study; (2)
negative CSF
14-3-3; (3)
]
protein. 126mg/ &
dl wichout odﬂ i
F 68 17 Insomaia, Dementia, acaxia, Diffuse +/- No family history - History of blpolar
tremor, and worsening slowing of dementia illncss with :
slurred speech depression with suicidal
s and attempts
agication,
hyperreflexia .
M 52 13 Decreased vesbal ~ Dementia, avaxia, "Normal - No family hiscory NA
ourput, .a_nd . and Parkinsonism : of dementa *
progressive ’
motor decline
o LT

the PSPr cases without severe neuronal loss. SD com-
prised a mixture ‘of fine vacuoles, comparable with -
those -seen in sCJDMM1 (the most common sCJD
subtype), and'slightly ‘larger vacuoles that resulted. in
a mean vacuolar diameter . greater than that of
sCIDMM1 (7.8 * 2.7 vs 5.8 = 1.2um). But the "

“larger” vacuoles clearly were smaller than the
“coarse” vacuoles .characteristic of sCJDMM2 (see
Figs 1A-C).*? The hippocampal pyramidal cell layer
appeared unaffected; the molecular layer of the den-
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tate gyrus and the stratum lacunosum moleculare
showed mild SD, which extended into the subiculum
and the entorhinal and inferior temporal neocortices.
No kuru plaques or multicore plaques were detected.
In some subjects, structures suggestive of micro-

" plaques were observed in the molecular layer of the

cerebellum -(see Fig 1D). Lesion  profiling identified
the cerebral neocortex, basal ganglia, and thalamus as
the regions most severely affected, whereas the brain-
stem and cerebellum were apparently spared (see Fig



1E). Congo red staining of selected cerebral and cer-
ebellar cortices was negative.

Immunohistochemistry

PrP immunostaining with Mabs 3F4 and 1E4 of the
cerebral cortex, basal ganglia, and thalamus from the
PSPr cases was strong, and in the hippocampal forma-
tion was selective with strong immunoreactivity in the
molecular layer of the dentate and stratum lacunosum
moleculare, without pyramidal cell layer staining (Figs
2A, B). The staining pattern in the cerebrum was char-
acterized by round, loose clusters of coarse granules
quite evenly distributed over a background of smaller
granules (see Fig 2C). The size of the cluster-forming
granules often increased progressively toward the clus-
ter’s center, which generally contained a larger granule
or a tight aggregate of small granules (see Fig 2D).
Strongly immunostained globular structures were occa-
sionally seen, rarely also in the white matter (see Fig
2D, inset). Immunoreactivity in cerebellum and brain-
stem was limited to minute, rounded structures or ag-
gregates of a few granules in the cerebellar molecular
layer and midbrain colliculi, except for one subject
who displayed a large number of these structures (see
Fig 2H). The immunostained clusters and globules
could not be correlated with histologically detectable

lesions except for the intense immunostaining of pos-

sible microplaques in the cerebellum of some cases (see
Figs 1D and Fig ZH). The pattern of PrP immuno-
staining of cerebrum and cerebellum in the PSPr cises
was readily distinguishable from those of sCJD sub-
types-and nonprion disease controls (see Figs 2E-]).
Furthermore, on paraffin-embedded tissues, PrP im-
munoreactivity was virtually removed with PK treat-
ment (50pg/ml, 37°C, 1 hour) in these cases, whereas
it was only reduced in sCJD (data not shown).
Amyloid-8 immunostaining showed mosdy diffuse
plaques apparently compatible with the subject’s age.

Electron Microscopy

The ultrastructural examination of the cerebellar mo-
lecular layer from the case shown in Figure 1D showed
poorly defined, rounded structures with barely detect-
able filament-like profiles that were embedded in an
amorphous-granular matrix. These formations strongly
reacted with antibodies to PrP and overall had the fea-
. tures of poorly formed or immature PrP microplaques
(Figs 3A, B).

Genetic Findings .

All PSPr patients were homozygous for valine at codon
129 of the PrP gene, and none carried mutations in
the PrP gene ORF; three subjects had silent polymor-
phisms (two at codon 117 and one at codon 122).
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Prion Protein Characterization: Detergent-Insoluble,
Protease-Resistant, and Protease-Sensitive

Prion Protein

The total PrP immunoblot profile from all PSPr pa-
tients was indistinguishable from that of nonprion dis-
ease control subjects (Fig 4A). The glycoform ratios of
the three PrP bands from the two groups were similar.
Measured by densitometry in arbitrary units, the dig-
lycosylated or upper band was 10.44 + 1.78 (n = 3)
in -PSPr versus 7.83 * 3.64 (n = 5) in nonprion dis-
ease conurol subjects (p = 0.30); the monoglycosylated
or intermediate band was 4.40 *1.88 (n = 3) in PSPr
versus 3.40 * 2.74 (n = 5) in control subjects (p =
0.79). Under our conditions, the unglycosylated or
lower band was not measurable in both PSPr patients
and control subjects (see Fig 4A). Furthermore, the
mean amount of total PrP present in six subjects ap-
parently did not significantly differ from that of the
nonprion disease control subjects (n = 7) (1.69 =
0.28 vs 1.57 * 0.39; p = 0.53) and from that of cases
with prion disease (n = 3) (1.69 * 0.28 vs 2.03 +
0.46; p = 0.20).

In conventional diagnostic immunoblot procedures
using Mab 3F4, classic PrPr (PrP27-30) was undetect-
able in the brain homogenates from the frontal cortex
of all 11 subjects, and from the occipital and cerebellar
corticés of the 7 subjects in which these brain regions
were tested (see Fig 4A). Treatment with various doses
of PK showed no consistent difference between these
subjects and nonprion disease control subjects in these
brain regions (see Fig 4B). Barely detectable amounts
of approximately 6kDa PK-resistant PrP (PrP~6) were
present in the temporal cortex of three of the eight
tested subjects. Of the eight subjects for whom subcor-
tical regions (substantia nigra, putamen, and thalamus)
were available, significant ‘quantity of PK-resistant
PrP27-30 was found in one case, and minimal
amounts in two others (one showed small amounts of -
PrP~6 only), whereas no PtPr could be definitely de-
tected in the other five subjects (see Fig 4C). In con-
trast, probing with Mab 1E4 demonstrated a ladder of
PK-resistant PrP fragments ranging from approxi-
mately 29 to 6kDa in all PSPr cases examined (sce Fig
4D). The ladder-like electrophoretic mobility of the
PrPr fragments did not match those associated with
common subtypes of CJD, except for an approximately
20kDa fragment, which, after deglycosylation, was ten-
tatively identified as the unglycosylated form of PrPr
(see Fig 4C; also dara not shown).” The approximately

' 6kDa fragment was also unglycosylated and was remi-

niscent of the PrP~7 fragment of GSS.' These frag-
ments were most obvious at PK concentrations of 5 to
10pg/ml and decreased at greater PK concentrations.
The ladder-like electrophoretic profile of PrP treated
with PK was highly reproducible and was observed in
all 11 PSPr cases examined. In contrast, the PrPr frag-
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Fig 3. Electron microscopy (EM) of brain microstructures of protease-sensitive priano‘éﬁtby (j’SPr). (A) EM oft)be ‘eosinophilic mi-
crostructures observed at light microscopy (Fig 1D) shows plaguelike formations with fuzzy filamentous appearance (inset). These

structures are strongly reactive with’ antibodies to prion protein (PrP) (B) consistent with PrP microplagues (peroxidase anti-

pergidase, wish 3F4).

ments from sCJD were clearly detectable with both
3F4 and 1E4 Mab only after treatment with more than
10pg/ml PK, and increased with greater PK concentra-
tions (see Fig 4C; also data not shown). Therefore, a
small amount of PrPr detectable with Mab 3F4 is
present mostly in the subcortical regions of these sub-
jects. ‘Moreover, most of the PrPr appears to have a
differént conformation from that of typical PrPr be-

P
SR

Fig 2. Prion protein (PrP) immunohistochemistry. (A) Intense
and widespread PrP immunostain of the cerebral cortex and
(B) distinctive PrP immunostaining pastern in the hippocam-
pal gyrus with staining of the molecular layers (atrows) but
not of the pyramidal cell layer or of the end plate (asterisk).
(C, D) The cortical staining consists of coarse granules form-
ing loose. thsters with. lirger granules or a tighter aggregate of
granules (z’_f;i/)e center; (D, inset) heavily :tqinea' globular
structures are also present. (A-D) Protease-sensitive prionopa-
t'/}j(f‘.(I’SPr). (E, F) Immunostaining patterns of the cerebral
“cortex in sCIDVV2 (E) and sCJDVV1 (F) showing laminar
staining and occasional perineuronal staining in sCJDVV2
and weak and fine widespread staining in sCJDVVI. (G) No
immunostaining is detectable in the cerebral cortex of a
nonprion disease control. (H=]) Cerebellar immunostaining
patterns in PSPr (H), sCJDVV2 (1), and sCIDVVI (]).
There is intense and exclusive staining of large granules in the
molecular layers in PSPr (H), presumably corresponding to the
eosinophilic microstructures surrounded by a pale balo shown
in Figure 1D; staining of irregular deposit limited to the
granule cell layer in sCIDVV2 (D; no detectable staining in
sCIDVV1 (the staining of the granule cell nuciei is nonspe-
cific) (). (A~L) Monoclonal antibody 3F4. ‘
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cause on PK digestion it generates a unique set of frag-
ments that are detected by 1E4 but not by 3F4.
Total abnormal PrP and the PrPr conformers were
further characterized inabnormal PrP-enriched prepa-
rations after the capture of the abnormal PrP with g5p,
a single-stranded DNA binding protein with a high af-
finity for abnormal PrP regardless of its PK resis-
tance.'>** The amount of PrP captured by g5p in the
PSPr subjects was three times greater than the amount
of PrP captured in nonprion disease control subjects
(data not shown), but it was nearly 16 times less than
the gSp-captured PrP in typical sCJD. As measured by
densitometry in arbitrary units, the mean PrP captured
by g5p in eight of PSPr subjects was 3.44 * 2.8% of
the total PrP detected by direct gel loading compared
with 53.55 * 24.6% in sCJD (n = 3; 2 = 0.00015;
Fig 5A). Furthermore, although nearly 90% of the
gop-captured PrP was resistant to PK digestion in
sCJD, the PrPr accounted for only 24% of the total
abnormal PrP captured in the PSPr subjects (87.59 *
26.8% in four sCJD cases vs 24.23 * 14.9% in nine
PSPr cases; p = 0.0001) (see Fig 5A). The PK-resistant
PrP obtained after PrP enrichment from ‘the subjects
was distributed in three major bands of approximately
26, 20, and 6kDa, which were detected by both 3F4
and 1E4, and matched the major bands of the immu-
noblot ladder detected with 1E4 on direct loading (see
Fig 5A; also data not shown). A similar PrP banding
pattern was obtained after sodium phosphotungstate
precipitation, another method of abnormal PrP enrich-
ment.'"?® It was detected by both 3F4 and 1E4, al-
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Fig 4. Characterization of prion protein (PrP) in protease-
sensitive pmmopatby (PSPr). (A) On conventional immuno-
blots, proveindse K (PK)-resistant PrP is undetectable in
nonprion disease control subjects (non-PrD) and PSPr pa-
vienss, although it is prominent in sporadic Creutzfelds—Jakob
disease CijD) (B) PK-resistant PrP from non-PrD' and PSPr
is not detectable even afier treatment with low PK concentra-
tions; but only in sCJD control when probed with the mono-
clonal .antibody 3F4, (C) Subcortical regions of three PSPr
cases treated with PK at 50ugiml before Western blot analy:is‘
- with 3F4 showed various amounts of PK-resistant PrP in
three PSPr cases. Samples from temporal cortex (Tc) were m‘ea'
as contg'ol: (D) When the same samples used in (B) are
probed with 1E4, moderately PK-resistant PrP fragments
ﬁ)rrniﬁg.d ladder are observed. (A, B, D) Tissues are Jrom the
- frontal cortex. BH = brain homogenase; Pu = putamen;
SN = substantia nigra; T1 = PrPr type I control; T2 =
PrPr. We 2-control; Th = thalamus.

though the bands were much more prominent when

probed with 1E4 (sée Fig 5B). The abnormal PrP en-

richment experiments confirm that, in PSPr patients,
there is ‘miuch less abnormal PrP than in sCJD, and
that ‘the proportion of abnormal PrP that is PK resis-
tant is much’ smaller.”
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Prion Protein Sedimentation in Sucrose Gradients

- After sucrose gradient sedimentation, 30% of the total

PrP from the PSPr patients was recovered in fractions
7 to 11 containing large aggregates, whereas these frac-
tions accounted for only' 5% of the total PrP in
nonprion disease subjects (Figs 6A, B, E). The same
fractions contained about 24 and 58% of the total PrP

-in’ GSS . patients with the Al17V mutadoh and
" sCJDVVI, respectively (see Figs 6C-E). Also, the per-'

centages of PrP recovered in fractions 2 and 3 differed
significantly between PSPr and nonprion disease. PSPr

- differed from GSS in fractions 7 and 8, and from

Direct g5p Direct g5p

loading caplure  loading capture
100 »»100 3 3 3

Sty 3

A
(50 “9’“‘0 PSPr sCJD
3F4 ’
A NaPTA precipitation
Stul) . 200 SOQ 5_1 5] 2 500
B _ ,
37-§
29
20
. PK - + = + =+
(50 pg/ml)  PSPr sCJD PSPr-
. 3F4 1E4

Fig 5. Capture by g5p (A) and sodium phosphotungstate
{NaPTA) (B) of prion protein (PrP) from protease-sensitive
prionopathy (PSPr) and sCIDMM]1 (iporadic Creutzfeldt—
Jakob disease). Probing with 3F4 or-1E4 afier :trzppmg The
same ladder of protema.fe K (PK)—resistant PrP as in Figure
4D is detectable in PSPr preparations afier heavy loading of
the gél S1 = supernatant of brain homogenate obtained after

* low-speed centrifugation (1,000g for 10 minutes).
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Fig 6. Prion protein (PrP) profiles in sucrose gradient sedimen-
tation. (A) Nonprion disease (non-PrD); (B) protease-sensitive
prionopathy (PSPr); (C) Gerstmann—Striussler—Scheinker disease
(GSS) with the A117V mutation (GSSA117V); (D) sCIDVVI;
(E) PrP distribution in the Sfractions plotted as percentages of
the total PrP. Although the amounts of PrP from PSPr are
similar to those of non-PrD subjects in fractions 1 and 4 10 6,
they differ significantly in fractions 2, 3, and 7 to 11, and abo
clearly differ from GSSAL17V in fractions 7 and 8 and
sCIDVV1 in fractions 1, 2, and 9 to 11. PSPr fractions 8 1o
I1 also have a distinctive low double band (B, arrowheads) not
present in the fractions from non-PrD, GSS, and sCJDVVL.
n = 6 for non-PrD {green bars); n = 6 for PSPr (red bars);
n = 3 for GSS (yellow bars); and n = 7 Jor sSCIDVVI (blue
bars). Vertical bars refer 10 standard deviations. Asterisks de-
“note PrP fractions from non-PrD, GSS, and sCJDVVI thas by
statistical analysis are significantly different from corresponding
PSPr fractions. *p < 0.05; *p < 0.0I; “**p < 0.001.
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sCJD in fractions 1, 2, and 9 to 11 (see Fig 6E). In
addition to the quantitative differences, the electro-
phoretic profiles of the high-molecular-weight aggre-
gates from PSPr also differed from those of nonprion
disease, GSS, and sCJDVV1 subjects: the lower band
was double in PSPr but single in other conditions (see
Figs 6A-D). Comparable data were obtained after gel
filratdon fractionation, which demonstrated that PrP
aggregates exceeding 2,000kDa were more abundant in
PSPr than in nonprion disease control subjects but
much fewer than in sCJD (data not shown).

Discussion

We report 11 patients affected by a disease that in-

volves abnormal PrP and has homogeneous and dis-

tinctive features (Table 2). Based on several lines of
evidence, we argue that these features allow for the sep-

aration of this condition from all known forms of hu-

man prion disease. First, the abnormal PrP associated

with this disease is predominantly, and in several brain

regions almost exclusively, sensitive to protease or PrPs,

and the PK-resistant PrP isoform or PrPr has a distinc-

tive electrophoretic profile. The high sensitivity to PK

and the distinctive electrophoretic profile of the abnor-

mal PrP clearly distinguish chese cases from each of the

five subtypes of sCJD and from sporadic fatal insomnia

(sFI), the known human sporadic prion diseases." For

example, compared with sCJDMMI, -the most com-

mon and typical sCJD,? these cases have 16 times less -
total abnormal PrP, and the fraction of the total ab-

normal PrP that is PK resistant is nearly 4 times less.

Furthermore, the ladder-like electrophoretic profile of
the PrPr associated with this conditdon has not been

observed in either sCJD or sFI, all of which instead are

characterized by the presence of the well-known PtPr

type 1 or 2." When present, the traditional PrPr, com-

monly called PrP27-30, was located in subcortical re-

gions and was of type 1, another combination not ob-

served in sporadic human prion diseases.! Second, .
these cases are also homogeneous as for the PrP coding
genotype because they are all homozygous for valine at
codon 129 of the PrP gene, the site of a common me-
thionine/valine polymorphism.® Valine homozygosity
in white individuals is the rarest 129 genotype, being
found only in 12% of people.?® The sCJD subtypes -
associated with valine homozygosity, sCJDVV1 and
sCJDVV2, have been well characterized and differ
from these cases phenotypically and for the character-
istics of the abnormal PrP." Third, the pattern of PrP
immunostaining and the presence of structures with
the features of poorly formed plaques that we observed
in the cerebellum are to our knowledge unprecedented.
Lastly, the clinical presentation and initial course that
prominently features relatively slow cognitive deteriora-
tion, occasional gait impairment, and incontinence has
evoked the diagnoses of normal pressure hydrocepha-
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lus, diffuse Lewy body disease, or frontotemporal de-
mentia, whereas prion disease was suspected only at a
later stage based on the relatively short duration.
Although these cases can be easily distinguished from
sporadic prion diseases, some of their features such as
overrepresentation of PrPs and the multiple PK-
resistant PrP fragments, have been reported in GSS.*
However, all cases of GSS reported to date are associ-
ated with a mutation in the coding rchon of the PrP
gene or immediately adjacent to it.* None of these
cases carried such mutation. Moreover, the ladder-like,
PK-resistant, PrP fragments observed in our cases are
preferentially detected with 1E4 but not with 3F4,
which obviously separates these cases from GSS carry-
ing the multiple PK-resistant PrP fragments. In a re-
cent study, we observed that although 1E4 and 3F4
have  ddjacent epitopes along human PrP residues 97-
112, their accessibility to these epitopes is different be-
cause of different neighboring N-terminal residues.?® It
is possible that the 1E4 selectively detected PK-

resistant PP fragments have N-terminal starting sites

that are différent from those of the well-characterized
PrPr types 1 and 2. The earlier evidence clearly indi-
cates that this condition differs from GSS, although
the possibility that it represents the long-sought spo-
radic form of GSS remains to be excluded. Six of the
10 patients with- obtainable pedigree had 2 family his-
‘tory of dementia that cannot be ignored, yet none car-
ried a murtation in the PrP gene ORF. Therefore, at
least in' some cases, a causative mutdtion may be lo-
cated outside the ORF of the PrP gene, a condition
never observed in human prion diseases.’

All these considerations argue that the 11 patients
were affected by a novel condition involving the PrP
that cannot be classified within the spectrum of cur-
rently known ‘human prion diseases. We suggest the
designation of PSPr to emphasize a major distinctive
feature (see Table 2).

Compared with other human prion ‘diseases, PSPr is

- binant PrP into amyloid,

Surveillance Center during the same time period as
these 11 patients, making PSPr about as common as
some of the well-known sporadic pnon diseases (such
as sCJDMM2, sFI; and sCJDVV1).? Furthermore, be-
cause the clinical presentation and the duration of
PSPr often do not point to the diagnosis of prion dis-
ease, some cases of PSPr may' currenty be classified
w1thm the group of non-Alzheimer’s dementias: and
not beis 'cstlgated furcher. Should - this; be the case,
PSPt inay be more common than this study suggests.

The small amount of PrPr associated with PSPr and-
the ﬁnd.ing that about 76% of the detectable abnormal
PrP is PK sensitive not only hinders the diagnosis but
also has implications concerning origin, pathogcmcxty,
infectivity, and classification of PSPr. '

The discovery of PiPs has opened a.new chaptcr in
prion diseases.'*™> The demonstrauon that PrPs forms
smaller aggregates than the PrPr: counterpart, ¢ and
that apparently it is competent to convert PrP< to PrPr
in vitro,as well as to seed the polym" izatiors of ‘recom-
1718 suggeststhat PrPs shares
defining | features with PrPr. However, the pathogenetic
mechanisms of PrPs in the absence of PrPr and, there-
fore, the nature of the prion diseases associated with
PrPs currendy remain conjectural.

Prion diseases associated with PrPs, in the presence
of minimal or no PrPr, have been modeled and studied.
in detail in a variety of transgenic (Tg) mouse lines
carrying mouse homologues of human PrP gene mu-
tants or overexpressing. PrP<.'>%°33 Two Tg mouse
models appear relevant to these cases.

In the first model, Tg mice expressing high levels of

* mouse PrP carrying the P101L mutition, the mouse

not exceedingly rare, because it accounts for about 3%

of all sCJD and 16% of all valine homozygous CJD
accessioned by the National Prion Disease Pathology
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equivalent of the human P102L mutation associated
with a GSS phenotype,***3 spontancously developed
a neurodegenerative process characterized by SD and
prion plaque formation. After inoculation, they trans-
mitted a disease phenotypically similar o P101L-

‘mutated Tg mice but not to wild-type mice. As in our

cases, the aﬂécted mice had PrPs but no, or minimal
amounts of, PrPr, indicating that PrPs can be associ-
ated with a prion disease that is under certain condi-



tions transmissible and has a histopathological pheno-
type displaying general features of prion diseases.'?

In the second model, Tg mice carrying the P101L
mutation were inoculated with brain homogenate from
patients affected by a subtype of GSS P102L charac-
terized by the exclusive presence of an approximately
8kDa PK-resistant fragment reminiscent of the approx-
imately 6kDa fragment observed in small amounts in
our cases. The inoculated Tg mice remained largely
asymptomatic, but at histological examination, they
displayed PrP plaques and had minimal amounts of
PrPr.?? They failed to transmit the disease to wild-type
mice, but inoculation to P101L-mutated mice resulted
in the formation of PrP plaques in the absence of clin-
ical disease.

These mouse models and now our cases raise issues
with the definition of prion diseases. Currendy, it is
unclear whether PSPr is transmissible because time-
consuming ‘transmissibility experiments to different
lines of Tg mice and in vitro PrP replication are srill
ongoing. Should PSPr not be transmissible, the ques-
tion is whether it is a prion disease. A similar ques-
tion can be raised for GSS, of which to date only one
subty‘?c has been shown to be consistently transmis-
sible.” The issue is further compounded by the recent
evidence that amyloid B, the pathogenic peptide of
Alzheimer’s disease, has the propensity to replicate af-
ter inoculation into susceptible Tg mice in a
conformation-dependent fashion reminiscent of pri-
ons.”® These findings appear to blur the once tight
association of prion diseases and transmissibility. It
may be more practical to apply the label of prion dis-
eases to all conditions in which the PrP is abnormal
and appears to play a central role in the pathology, as
in all prion diseases known to date and in PSPr.%’ In
contrast, one might reserve the qualification’ of trans-
missible to those prion diseases that can be transmit-
ted to recipients expressing relatively normal amounts
of wild-type PrP.?°

The finding that several PSPr patients had first-
degree relatives diagnosed with dementia necessirates
a search for an underlying genetic cause. In AD, the
discovery of mutations outside the gene of the amy-
loid precursor protein (the central protein in AD, as
PrP is in prion diseases) has provided a wealth of in-
formation regarding pathogenetic mechanisms of
AD.* Similarly, the discovery of a mutation outside
the PrP gene ORF capable of generating a prion dis-
ease may greaty expand our understanding of patho-
genetic mechanisms and the role of PrP in prion dis-
eases.
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SUMMARY

Prions are unconventional infectious agents com-
posed exclusively of misfolded prion protein (PrPS9),
which transmits the disease by propagating its ab-
normal conformation to the cellular prion protein
(PrP°). A key characteristic of prions is their species
barrier, by which prions from one species can only
infect a limited number of other species. Here, we re-
port the gedgfatidn of infectious prions by interspe-
cies transmission of PrPS° misfolding by in vitro
PMCA amplification. Hamster PrP® misfolded by
mixing with mouse PrPS° generated unique prions:
that were infectious to wild-type hamsters, and sim-
ilar results were obtained in the opposite direction.
Successive rounds of PMCA amplification result in
adaptation of the in vitro-produced prions, in a pro-
cess reminiscent of strain stabilization observed
upon serial passage in vivo. Our results indicate
that PMCA is a valuable tool for the investigation of
cross-species transmission and suggest that spe-
cies barrier and strain generation are determined by
the propagation of PrP misfolding.

INTRODUCTION

Prion diseases also known as transmissible spongiform enceph-
alopathies (TSEs) are infectious neurodegenerative diseases af-
fecting the brain of humans and several species of mammals
{Collinge, 2001). Creutzfeldt-Jakob disease (CJD) is the most
common TSE in humans, and scrapie in sheep, bovine spongi-
form encephalopathy (BSE) in cattle, and chronic wasting dis-
ease (CWD) in cervids are the most prevalent prion diseases in
animals. Unlike conventional infectious microorganisims, the
TSE agent appears to be devoid of genetic material and instead
composéd exclusively by a misfolded form of the prion protein
(PrP59) (Prusiner, 1998). PrPS° has the unprecedented ability to
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replicate in the body by inducing the misfolding of the cellular
form of the prion protein (PrP%).

One of the characteristics of the agent responsible for prion
diseases is its ability to infect some species and not others Hin
and Collinge, 2004; Moore et al., 2005). This phenomenon is
known as species barrier. Even between close species, the spe-
cies barrier is manifested as an incomplete attack rate and a pro-
longation of the time it takes for animals to develop the clinical
disease when injected with another species’ infecticus material
(Hill and Collinge, 2004). Primary interspecies tranémission is
usually not very efficient, and it takes a'fong time for the prion
replication proeess to reach the point at which full-blowii clinical
disease appears. After sequential passages, the PrPS¢ in the new
host adapts, resulting in a shortage of the incubation period and
stabilization of the new strain (Hill and Collinge, 2004).

Compelling evidence indicates that the species” barrier is
largely controlled by the sequerice of PrP (Moore et al., 2005).
Unfortunately, we cannot predict the degree of a species barrier
simply by comparing the prion proteins from two species. The
barrier has to be measured by experimental studies in animals.
These studies are long and costly, and in the cass of the human
species barrier, the studies have to be done with experimental
models, the validity of which is not absolutely guarantied. Evalu-
ation of the species barrier is of tremendous medical importance
for risk assessment and to implement regulatory measures to
avoid spreading of diseases (Moore et al_; 2005). At this time,
the epidemiological evidence suggests: that among animal
TSEs only cattle BSE has been transmitted to humans, generat-
ing a variant form of CJD (vCJD) (Will et al., 1996). it is unlikely
that sheep scrapie is a concem for humans, because the disease
has been described for centuries and no increased prevalence of
human prion diseases has been found in scrapie-endemic areas
(Caramelli et al., 2006; Hunter, 1998). However, the appearance
of “atypical” strains of scrapie, as well as the known transmis-
sion of BSE to sheep, has generated new concerns of human
infections with sheep-derived material (Buschmann and
Groschup, 2005; Hunter, 2003). Similarly, the possibility that
some of the newly identified animal prion diseases, such as
CWD, could be transmitted to humans cannot be ruled out at
the present time (Williams, 2005; Xie et al., 2005).

Cell 134, 757-768, September 5, 2008 ©2008 Elsevier Inc. 757



Recently, we reported the generation of -infectious prions
in vitro by amplification of PrPS® misfolding in the test tube {Cas-
tilla et al., 2005). For these experiments, we used a technology
termed PMCA (protein misfolding cyclic amplification). that
mimics in vitro some of the fundamental steps involved in PrPSe
replication in vivo at an accelerated rate (Saborio et al., 2001) :

During PMCA, small quantities of PrPS¢ are mixed with excess -

of PrPS, and through a cyclical process involving incubation
and sonication, prion propagation occurs in an autocatalytic
way. With this procedure, prions can replicate indefinitely in
the test tube and, after successive rounds of dilutions followed
by PMCA amplification, PrPS¢ used to begin the reaction can
be eliminated, and only in vitro-generated misfolded protein
remains in the sample (Castilla et al., 2005). Inoculation of
PMCA-generated prions into wild-type animals resulted in a dis-
ease with the same clinical, neuropathological, and buochemlcal
features as the disease produced by brain-derived infectious
material (Castilla et al., 2005). The conclusion.drawn from these
findings is that all of the information required to propagate the
infectious properties is enciphered in the structure of PrPSe,
This is further supported by recent studies from Supattapone ;
and- coworkers in which infectious prions ‘were- generated
in vitro by PMCA with purified PrP® and PrPS¢ with the sole ad-
dition of synthetuc polyanions (Deleault et al., 2007).
The goal of this. study was to attempt crossing the specnes
* barrier in vitro to generate unique infectious. prions in a cell-
free system. For these studies, we used mice and hamsters,

two experimental rodent systems widely employed in TSE stud: -

ies-and for which several prion strains are available (Bruce, 2003;:

:Kimberlin and Walkér.-1988). The PrP sequence shows nine dif-

ferences between these two animal species (Figure 1A). Infectiv-
ity studies have shown that there is a large barrier for prion trans-
‘mission betweenthese species (Kimberlin et al.; 1989; Kimberlin ..
and Walker, 1988; Race et al., 2002). Our findings show that in-

other resulted in new PrPS° that was infectious. to wild-type ani-
mais, Interestingly, a detailed examination of the infectious, neu-
ropathological, and biochemical features of the disease that was.
produced revealed characteristics that were different from other
known prion strains. These results indicate that the prions gener-

ated in vitro by. crossing of the mouse-hamster barrier represent

new strains. Strikingly, studies of the infectious charactéristics of
_these newly generated ‘prions after different rounds  of PMCA
showed that the procedure not only enabled crossing of the spe-
" cies barrier but also resulted in stabilization of the new strain
in vitro by successive rounds of amplification. Qur- findings
_. . show that prions can be propagated in vitro across the specles
. barrier, leading to the generatxon and adaptation of unique prion
strains.

RESULTS

Crossing the Mouse-Hamster Species Barrier

to Generate New Hamster Prions

To assess whether prions can be generated in varo across the
species barrier, we used hamsters and mice, two widely studied.
rodent experimental models of TSEs (Bruce, 2003; Kimberlin and
Walker, 1988; Morales et al., 2007). A PMCA experiment done .

758 Cell 134, 757-768, September 5, 2008 ©2008 Eisevier Inc.
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'F@ure 1. In:Vitro Conversion of Hamster Prp© lnéluced by Mouse

RML PrPSe .
{A) RML brain homogenate was dituted 1000-fold into either mouse or hamster

i - " . niormial brain homogenate and subjected to 96 PMCA cycles. The biot shows
cubation of PrP® from one of the species with. PrPS¢ from the |

the results with and without PMCA in eath species. At the right side, we show
a scheme of PrP indicating the position in which there are amino acid differ-
ences between mice and hamsters. -

" *(B) To attempt forcmg conversion, we incubated Iarger quanhtues (dilutions

1:50 throusghy 1:800) of RML PrPS® with mouse (central panel) or hamister (right

. panef) PrPC. All samples (except for the control samples in the left panel a-
- beled “nonamplified”) were subjected to 86 PMCA cycles, and PrP®e signal

was detected after PK digestion by western blot with the 6H4 antxbody

(C)Thesarne samples as those in the right panel of (B) were developed with the

3F4 antibody.

(D) The newly generated RML-Ha PrPS° was serially passed In hamster brain
homogenate by a series of 1:10 dilution followed by 48 PMCA cycles. “R" in-
dicates the number of rounds of PMCA; i.e., RS represent the samples after
five serial rounds of PMCA.

(E) For the assessment of spontaneous generation of PrPS° by PMCA, samples
from brain of ten different hamsters were subjected to the same process of se-
rial PMCA as in (D). PrPS¢ formation was analyzed by westem blot after PK
treatment in each PMCA round. The figure shows the results obtained after
20 rounds of PMCA. in the experiments shawn in this figure, all samples
weré treated with PK, except when indicated.

. with our standard conditions for- ampiification of mouse RML

prions-showed no detectable formation of PrP¢ when hamster
Pri® was used as a substrate (Figure 1A). Conversely, a robust
PrPSe generation was observed with mouse PrP° substrate.
For this experiment, we mixed-a 1000-fold dilution of RML PrPSe



into 10% brain homogenates of healthy hamsters and mice, re-
spectively. We reasoned that if in vivo it takes longer for prions to
replicate across species barriers, then in PMCA we should also
encounter more difficulties to convert PrP¢ when using PrPSe
from a different species. To attempt forcing the in vitro conver-
sion, we added a higher proportion of PrPS-containing mouse
brain homogenate into the hamster substrate. A range of dilu-
tions from 50- to 800-fold were tested, but the problem with
these experiments is that the large concentration of RML PrPSe
used as inoculum makes it difficuit to estimate convincingly
whether new PrPS¢ generation was obtained (Figure 1B). Fortu-
nately, the 3F4 monoclonal antibody can recognize hamster but
not mouse PrP (Lund et al., 2007). Using this antibody for west-
em blot, we could clearly observe that protease-resistant ham-
ster PrPS° was being produced when the reaction was done
with low dilutions (from 1:50 to 1:200) of mouse RML PrpS®
(Figure 1C). When the amplification was attempted with 800-
fold diluted PrPS-containing mouse brain homogenate, only
a very faint sighal was observed, confirming the results obtained
in Figure 1A and the idea that the combination of PrPC and PrpSe
from different species impairs PMCA efficiency.

Newly generated hamster PrPSC starting from RML prions was
propagated many times in vitro by serial PMCA in order to re-
move by dilution'the initial amount of mouse scrapie brain mate-
rial added to begin prion replication (Figure 1D). As described
before, using this procedure, we can completely remove all mol-
ecules of brain-derived PrPS® from the sample (Castilla et al.,
2005). Hamster PrPS¢ of RML origin efficiently propagates
in vitro at the expense of hamster PrPC. Interestingly, in the first
PMCA round, the glycoform distribution pattern of the in vitro-
generated hamster PrPS° was comparable to the RML profile
showing the three glycoform bands (Figure 1D). After further
PMCA ‘rounds, this pattemn changed to become undistinguish-
able from PrP5° associated to the typical hamster strains, such
as 263K (Figure 1D) or Hyper (HY), in which the diglycosylated
band is highly predominant. This result suggests that the charac-
teristics of the newly generated PrP®¢ are being adapted to the
new species during successive PMCA cycling, reminiscent of
the adaptation process occurring in vivo upon serial passage
of the infectious material. After 20 serial rounds of PMCA, repre-
senting a dilution equivalent to 10722 with respect to the brain
(since the first round contains a 100-fold dilution of the material),
our estimation is that no molecules of mouse brain PrPS® should
be present in the sample. This in vitro-generated material was
termed RML-Ha PrPSe to emphasize the RML origin of this
new hamster misfolded prion protein. To make sure that newly
" formed PrPS® was indeed coming from conversion of hamster
PrPC induced by mouse PrPS® and not just spontaneous “de
novo” formation of PrPS® in hamsters (Deleault et al., 2007), we
did a large experiment to analyze in detail the possibility of spon-
taneous generation of PrPS¢ and infectivity under our experimen-
tal conditions. Samples of healthy brain homogenate from ten
different hamsters were subjected to serial rounds of PMCA am-
plification in the absence of PrPS¢ seed. After up to 20 serial
rounds of PMCA, we did not obsérve de novo formation of PrPSe
in any of the samples (Figure 1E).

Inoculation of wild-type hamsters with RML-Ha PrP5¢ (pro-
duced after a 10~% dilution of RML scrapie brain homogenate)
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produced disease in 100% of the animals by both intracerebral
{i.c.) and intraperitoneal (i.p.) routes (Figure 2). The disease ex-
hibits the clinical characteristics typical of hamster scrapie, in-
cluding hyperactivity, motor impairment, head wobbling, muscie
weakness, and weight loss. The incubation time in the first pas-
sage was 165 « 6 days by i.c. inoculation (Figures 2A and 2C).
This is longer than the incubation time obtained with hamster
scrapie strains, such as 263K and HY, in which a similar quantity
of PrPS° produces disease at around 100 days by this route (Fig-
ures 2A and 2C). However, in agreement with our previously re-
ported data (Castilla et al., 2005), when hamster 263K prions
were replicated in vitro by PMCA, the newly generated PrpSe pro-
duced disease with a delay similar to that observed with the RML-
Ha material (Figures 2A and 2C). The delay in our previous study
was eliminated upon a second passage in vivo, in which the
new infectious material was stabilized to acquire properties un-
distinguishable from in vivo-derived 263K (Figures 2B and 2C).
Interestingly, in the HY hamster prion' strain, PMCA-generated
material did not show any statistically significant difference
compared to in vivo-produced prions (Figures 2A and 2C). These
results suggest that in vitro replication of prions by PMCA main-
tains the strain characteristics, at leastin respect to theincubation
periods. To assess the stability of RML-Ha and estimate the sta-
bilized incubation period, we performed a second passage. As
showninFigure 2B, the incubation time of RML-Ha prions was de-
creased to around 90 days, which is very similar to that obtained
with 263K and HY but different from the Drowsy (DY) strain. These
results suggest that RML.-Ha prions behave similarly to the 263K
strain; both in vitro-generated prions show a delay in the first pas-
sage that gets corrected uporia second in vivo passage. This fea-
ture is not displayed by other hamster prion strains, such as HY, or
other species of prions (see below for the results in mice), where
PMCA-generated prions exhibited the same inkcubation‘ period in
the first passage as in vivo-produced infectious material. As ex-
pected, hamsters inoculated withRML prions did not develop dis-
ease during the time of the experiment (>400 days). Animals inoc-
ulated with hamster brain homogenate subjected to 20 rounds of
PMCA in the absence of PrP>¢ (control for the de novo generation
of PrPS") did not develop disease more than 400 days after inoc-
ulation (Figures 2A and 2C). Intraperitoneal inoculations of the in-
fectious material showed a clear difference between the three )
prion strains'used as reference, with 263K being the fastest and
DY not producing disease by this route (Figure 2D). The incuba-
tion period produced by i.p. inoculation of RML-Ha piions was
longer than that of the 263K and HY strains, with an average of
254 days in the first passage. This is also longer than 263K prions
amplified in vitro by PMCA, which produced disease after 199
days postinoculation in the first passage (Figures 2D and 2F). A
second in vivo passage again stabilized PMCA-generated 263K
prions to produce disease at a time indistinguishable from that
of brain-derived 263K infectious material. The second passage
of RML-Ha prions showed that the stabilized incubation period
for the i.p. route was on average around 140 days, which is signif-
icantly higher than 263K or 263K-PMGA material but shorter than
HY prions (Figures 2 and 2F). The differerices remained stable in
a third passage (data not shown). These results indicate that i
some aspects, RML-Ha prions are similar to the agent in the
263K strain but in other features are intermediate between 263K
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Figure 2. Infectivity of Newly Generated RML-Ha PrP* after Crossing the Speeres Barrier -

RML-Ha PrP%® samples amplified. by 20 serial PMCA rounds were inoculated i.¢. of i.p. into six wild-type hamsters. For controls, we inocalated similar quantities
of PrP5¢ from RML or three distinct hamster strains (2631, Hyper, and Drowsy). We also show the data obtained byrmcdatnon ofin vitro-generated prions through
20 serial rounds of PMCA by incubation of 263K (263K-PMCA)} or Hyper (HY-PMCA) PrPS° with healthy hamster-brain homogenate and RML replicated at ex-
penses o of mouse PrP° (RML—PMCA) The figure aiso show the results obtained by inoculation of the material produced after 20 rounds of PMCA with unseeded
normal hamster brain hormgenate (PMCA—No PrPs") {A) and (D) show the survival curves obtained after i.c. andi.p, inoculation, respectively, of the in vitro-gen-
‘erated RML-Ha after 20 rounds of PMCA. (B) and (E) show fie survival curves of the second passage (i.¢., animals were inoculated with material obtained fromthe
' brairi of sick animals in the experiments depicted in [A] and [O]) afteri.c andi. p inoculation, respectivety. (C) ‘and (F) show the average incubation penods of the
experiments done by i.c. and i.p. inoculation of various samples. The values correspond to the average standard emrér. The data was analyzed byANOVA and
the Dunnett multiple comparison post-test. Each set of data was compared to the results obtained wrth the RML-Ha strainiand significant differerices are high-
lighted with asterisks (* = p < 0.05, * = p <0.01, and ™ = p < 0.001). ND, not done.

and HY prions, providing a ﬁrst indication that the material ob-
tained by crossing of the mouse-hamster spec:es barvier repre-
sents a unrque hamster prion strain.

_To further assess the charactensti&s of the dlsease produced
by in vitro-generated RML-Ha prions, we studied in detail the
neurobathological and biochemical features of the brain dam-
- age. Histopathological studies showed that animals inoculated
- with RML-Ha prions exhibit the typical brain lesions of scrapie,
- including sponglform degeneratlon. astroglyosns and PrPSe de-
position (Figures 3A-3C). Quantitative studles of the vacuolation
profile in_different brain areas showed that RML-Ha-infected
hamsters. showed the_fargest extent of spongiosis in' meduiia
and cerebellum and less damage in hlppocampus cortex, and
collicutum {Figure SD) This pattern of brain damage was similar
. to that observed in 263K-inoculated animals and ‘statistically
- different from that obtained in hamsters ln)ected with HY and
- DY (Figure 3D). However the extent of both astroglyosis

(Figure 3B) and PrPS® accumulation (Figure 3C) in the medulla
of RML—Ha-lnfected animals was lower than that in 263K-sick’
ammals and similar to that obsewed in HY-injected hamsters
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(Figures 3B and 3C) These data suggest again that the RML-

Ha prions are a unique strain with properties intermediate be-
tween the previously known 263K and HY hamster strains.

Comparatrve studies of the blochemlcal charactenstxcs of
PrPs“ obtained from the. brain of sick animals after inoculation
with RML-Ha, 263K, HY, and DY were done by analysns of the
electrophoretical pattem of the protem its susceptjblllty to pro-
teolytic degradation, and_ its resistance to denaturatlon For
comparison of the protease resxstance profile, similar quartities
of PrP®° from the new RML-Ha prions ‘and PrPS° obtained from
the brain of sick hamsters inoculated with the prion strains
263K, HY, and DY were treated for 60 min with various concen-
trations of proteinase K (PK) (Figure 4A). RML-Ha PrP>° was
highly resistant to large PK concentratlons The misfolded pro-
tein assoclated to the newly. generated strain was more resistant
than HY or DY and similarly. (but still sngnrﬁcantly more) suscep-
tible to PK digestion than 263K PrPSe (Figure 4A). The PK con-
centration in which 50% of the protein was degraded (PK50)
was highest for PrPS¢ associated 'to RML-Ha, followed by
263K, HY, DY, and RML (T: able S1 availablé online).
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Figure 3. Histopathological Features of the
Disease Induced by Inoculation of Hamsters
with PMCA-Generated RML-Ha PrpS<©

Brain from sick animals in which disease was pro-
duced by inocufation with the in vitro-generated
RML-Ha PrpSe (first passage) or the known ham-
ster strains 263K, Hyper, and Drowsy were ana-
lyzed by histological studies. As a control, we
used the brain of a hamster inoculated with PBS
and sacrificed without disease at 350 days afterin-
oculation.

{A) Spongiform degeneration was evaluated after
hematoxilin-eosin staining of medulla and occipi-
tal cortex sections and visualized by microscopy
at a 40x magnification.

(B) Reactive astroglyosls was evaluated by histo-
logical staining with glial fibrilfary acidic protein an-
tibody.

(C) PrP accumulation in these animals was evalu-
ated by staining of the tissue with the 3F4 anti-
PrP monocional antibody.

(D) The vacuolation profile in each brain area was
estimated with a semiquantitative scale, as de-
scribed in the Experimental Procedures. The brain
areas used were the following: occipital cortex,
cerebellum {mostly white matter), meduila (spinal
S nucleus, interpolar part), inferior colliculum, and
hippocampus (CA1 and CA2 regions). We also in-
cluded in the analysis brain sections from animals
inoculated with the other' hamster ‘prion strains.
The values represent the average + standard emor
of the extent of vacuolation from the five animals
analyzed in -each set. Statistical : analysis by
two-way ANOVA with brain regions and prion ori-

RML-Ha

gin as the variables indicated that differences were highly significant (p < 0.001). To assess the significance of the differences between each known prion strain
and RMt-Ha, we used the Dunnett multiple comparison post-test, and the p values for each combination are shown.

¥

%

Another characteristic we studied was the electrophoretic mo-
bility and glycosylation pattern of PrP®° associated to distinct
strains. The predominant glycoform for the hamster strains (in-
cluding the newly generated RML-Ha) is the diglycosylated
band, whereas mouse RML PrPSe shows a more even distribution
of the three bands with the main one being the monoglycosylated
form. To assess the size of the protein after PK cleavage, we per-
formed endoglycosidase treatment to remove the glycosylated
chains (Figure 4B). Whereas PrPS° associated to the DY strain
" has ahigher electrophoretical mobility, no significant differences
were observed among the other proteins. Another biochemical
property of misfolded PrP often used to differentiate prion strains
is its resistance to chemical denaturation (Safar et al., 1998).
Clear differences were observed in the guanidine concentrations
reéquired to denature PrPS° associated to different strains
{Figure 4C). The concentration of the chaotropic agent needed
to denature 50% of PrPS¢ RML-Ha was 1.11 M, substantialty
different from the 1.69, 1.56, and 1.72 M required for the proteins
associated to HY, DY, and RML, respectively (Table S1).

Crossing the Hamster-Mouse Species Barrier

to Generate and Stabilize New Mouse Prions

To study the barrier between these rodent species in the opposite
direction, we mixed 263K hamster prions with mouse healthy
brain homogenate. As before, when a standard, PMCA assay
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was done by dilution of 263K brain homogenate 1000-fold into
mouse healthy brain material, we'did not see detectablé genera-
tion of mouse PrPS° (data not shown). However, when a higher
quantity of hamster PrPS¢ was added, we were able to generate
new mouse PrPS° (termed 263K-Mo) that couid be propagated by
serial rounds of PMCA to reach a dilution of the hamster brain ho-
mogenate equivalent to 10~'7 (Figure 5A). Since there are not
available antibodies capable of recognizing mouse PrP but not
hamster PrP, we could not compare the electrophoretical pattemn
of PrPS¢ generated in the first rounds of PMCA with the profile of
PrPS typically observed in mouse and hamster strains. However,
the western blot pattérn of 263K-Mo after 15 rounds of PMCA
(when no more molecules of 263K PrPSe are present) is similar
to the one observed for RML and other ovine-derived mouse
strains, despite a slightly faster migration (Figure S1A) that will
beinvestigated in more detail later. To assess whether newly gen-
erated PrPS° was indeed coming from conversion of mouse PrP®
induced by 263K hamster PrPS¢ and not just spontaneous “de
novo" formation of PrPS® in mice, we did an experiment to ana-
lyze the possibility of spontaneous generation of PrPS and infec-
tivity under our experimental conditions. Samples of healthy brain
homogenate from ten different mice were subjected to serial
rounds of PMCA amplification in the absence of PrP®® seed. After
up to 20 serial rounds of PMCA, we did not observe de novo for-
mation of PrPS¢ in any of the samples (Figure S1B).
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Figure 4. Biochemical Characterization of
RML-Ha PrpSe
Samples from brains of animals inoculated with
‘RML-Ha PrPSe (first passage in vivo) were used
to study the PK resistance profile (A), the relative
mobility after deglycosylation and PK treatrient
(B), and the susceptibility to guanidine denatur-
ation (C). For controls, we used samples from
- AML or three distinct hamster strains (263K,
Hyper, and Drowsy). The resuits in (A) and (C)
correspond to the quantitative evaluation of west-
emmn blots by densitometric analysis from three in-
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' To assess whether mouse PrPS® generated in vitro from ham-

ster 263K is infectious to wild-type mice and to determine :

whether the lnfectlous properties are being adapted upon serial
. PMCA passages, we inoculated several rounds of in vitro-gener-

" ated material into mice (Figure 5A). Despite the fact that the same -

amount of PrS was inoculated (as determined by weéstern blot),
striking differences in the infectious properties were seen among
in vitro-generated prions in distinct rounds of PMCA (Figure 58).
Only two of the six mice inoculated with material produced in the
first round of PMCA showed disease symptoms, which appear at
a very long time after inoculation (around 500 days) (Figures 5B
and 5C). A complete attack rate was observed when animals
were moculated with material produced after three serial rounds
of PMCA. However the-incubation period was long (around 310
days on average), and there was a large dtspers:dn among ani- .
mais (Figures 5B and 50) The incubation period became stable,
short {around 165 days), ‘and there was little dispersion after the
six: serial rounds of PMCA. These: findlngs mdncate that upon
successive rounds. of PMCA, the newly generated prion, after
crossmg the species barrier, is becommg adapted and stabilized
to the new host, a process very similar-to what is seen after sev-
eral passages in vivo. The |arge dlspersmn of incubation times

_observed in'the third round of PMCA suggests that more than . .

one strain has been generated upon crossmg of the species bar-
rier and that successive in vitro amplification leads to the selec-
tion and cloning of the most efficient of these strains. The incu-'
bation time for 263K-Mo after 15 rounds of PMCA (equivalent
to a 10~"7 dilution of the 263K inaculum) was around 165 days, .
similar.to. the one produced by scrap;e-adapted mouse strains,.
such as RML. but different from that of the bovine strain 301C
{Figure 5D). In vitro repllcatuon of the mouse strains RML and
301C at expense of mouse PrPC produced PrPS° with identical
. propemes as the braln-denved material, reflected as an indistin-
gu1shable incubation period (F igure 5D). As expected mice inoc- .
ulated with hamster 263K prions did not develop d:sease during
the time of the experiment (>500 days) No. disease was also
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‘dependent animals. The. data represent the
average + standard error. The data were analyzed -
by ANOVA and the Dunnett muitiple comparison
post-test. Each set of data was compared to the
results obtained with the RML-Ha strain, and
significant - differences are highlighted with
asterisks(‘ p < 0.05, "~p<001 and ** =
p< 0 001).

3F4 6H4

.obsérved in animals inoculated with mouse brain homogenate
'subjected to 20 rounds of PMCA in the absence of PrP¢, which

corresponds to the control expenment for the de novo genera-
tion of PrP%° (Figure 5D). .

To analyze whether the new!y generated 263K-Mo inféctious
material correspended to-a new:strain of mouse prions, we stud-
ied the histopathological and biochemical features of the brain
damage. Animals affected with the disease produced by inocu-
lation of 263K-Mo showed exterisive vacuolation in the medulla
and hypocampus and moderate but clearly detectabie damage
in the cerebellum (Figures 6A and 6D). The pattern of spongiform

) 'degeneratlon -does._not correspond with' any .of the previously

known mouse strains-studied and indeed is statistically signifi-
cantly different. to the vacuolatuon proﬁle produced. by RML
and 301C prions (Figure 6D). Differences were also detected in
the extent of brain inflammation produced by 263K-Mo. since .

. the degree of astroglyosis was less prominent.than the one ob-
served in- animals. inoculated . with RML  or 301C. prions

(Figure 6B). The profile of | PrPsc accumulation conststed mostly
of diffuse deposition and was.not clearly dlfferent from the one
observed in the other strains (Figure 6C). Then we studred the
biochemical characteristics of PrPS¢ obtained from the bram of
animals, infected  with 263K-Mo. Electrophoretncal migration
was assessed after PK digestion and endoglycosidase. treat-

,ment to remove glycosylatlon chains. The PK-resistant core of
PrPS° migrated slightly faster than RML but slightly slower than
301C, with an estimated molecular weight of 20 KDa (Figures

7A and 7B). These results indicate that the cleavage site after
PK digestion is different from all of the currently known mouse
strains. This is important because it is thought that differences
in the PK cleavage site reflect disparities in the folding or aggre-
gation of the protein (Chen et al., 2000; Collinge et al., 1996). To
further search for biochemical differences, we subjected the pro-
tein to proteolytic degradation by using various concentrations
of PK. 263K-Mo PrPS° was much more resistant to PK than to
RML (Figure 7C), with a PKgg (the PK concentration needed to
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Figure 5. In Vitro Conversion of Mouse PrP® Induced by Hamster 263K PrPS® Generates Inféctious Prions -
(A) Schematic representation of the dilutions done and the PMCA rounds used for our in vivo infectivity experiments.
(B) Survival curve observed after inoculation of six wild-type mice with the material generated after several rounds of PMCA. “R" indicates the number of rounds of

PMCA. As a control, the animals were inoculated with 263K hamster prions.

{C) Average and standard error of the incubation times and attack rates observed after inoculation of wild-type mice with the material produced after different

rounds of PMCA.

- (Dy Comparison of survival curves for the stabilized 263K-Mo infectious material (after 15 rounds of PMCA) with those obtained with RML and 301C, two mouse
strains of different origin. We also show the data obtained by inoculation of in vitro-generated prions through 20 serial rounds;of PMCA by incubation of RML
{(RML-PMCA) or 301C (301C-PMCA) PrPS® with healthy mouse brain homiogenate. The figure also show the resuits obtained by inoculation of the material pro-
duced after 20 rounds of PMCA with unseeded normal mouse brain homogenate (PMCA-No PrPS9), which correspond to‘the control for de novo generation of
prions. For all of these experiments, the material was inoculated i.c. as described in the Experimental Procedures.

degrade half of. the protein) of 1450 ug/ml (Figure 7D), much
larger than the values obtained for RML (240 ug/mf) and 301C
' (430 ug/ml) (Table S2). Interestingly, the high resistance of PrpS°
is typical of the hamster prions (Table S1), and indeed, 263K, the
parental strain of the newly generated mouse prions, has a PKgg
of around 1700 pg/ml. =

’

DISCUSSION

The phenomenon of the species barrier, by which the agent
coming from one species can infect only a limited number of
other species, is a typical feature of prion diseases. The molec-
ular basis of this process is not well-understood, but it is thought
to be controlled by the structure and folding of the prion protein
{Moore et al., 2005; Vanik et al., 2004). As with the related phe-
nomenon of prion-strains, it is difficult to imagine how an infec-
‘tious agent lacking genetic material and composed by a single
protein can encode the structural diversity and specificity re-
quired to control strains variability and species selectivity (Soto
and Castilla, 2004).
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In addition to the intriguing molecular mechanism behind the
species barrier, understanding this phenomenon has profound
implications for public health. Indeed, one of the scariest medical
problems of the last decades has been the emergence of a new
and fatal human prion disease {variant CJD) originated by cross-
species transmission of BSE from cattle (Will et al., 1996). BSE
has not only been transmitted to humans. The éxtensive use of
cow-derived material for feeding other animals led to the gener-
ation of new diseases in exotic felines, nonhuman primates, and
domestic cats (Doherr, 2003). Worrisomely, the transmission of
BSE into these different species could create new prion strains
with unique biological and biochemical characteristics and
thus a potentially new hazard for human health. More frightenihg
is perhaps the possibility that BSE has been passed into sheep
and goats. Studies have alréady shown that this transmission
is possible and actually refatively easy (Foster et-al., 1993). The .
disease produced is clinically similar to scrapie, but since it
comes from BSE it has the potential to be infectious to humans.
Another concern is CWD, a disorder affecting farm and wild spe-
cies of cervids (Sigurdson and Aguzzi, 2006; Williams, 2005). The
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origin -of CWD and tts potentlal to transmit to humans are cur-
rently- unknown. This is worrisome, considering’ that CWD has
became endemic. in some parts of the USA and that the number
of cases, continues to increase (Williams, 2005); CWD transmis- -
_sibility studies have been performed in many species in order to
‘predict how this disease could be spread by the consumption of
CWD meat (Slgurdson and Aguzzi, 2006). Transmission of CWD
to humans cannot be ruled out at present, and a similar infective
) episbde to BSE .involving CWD could -result in catastrophic

- consequences.

~Theexciting scientific problem coupled with the relevant pubhc- .
healm issue prompted us to develop strategies to reproduce the _/
specieS-barﬁer phenomenon in the test tube. We reported previ-,
ously the generation of infectious prions in vitro by cyclic replica-
tion of the protein misfolding process featuring the pathogenesis
of prion diseases (Castilla et al., 2005). These results were repro-
duced and extended by other groups to better dissect the ele-
ments required for prion replication (Deleault et al., 2007; Weber
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Figure 6. Histopathological Features of the Disease
Induced by Inoculation of Mice with PMCA-Generated
~ 263K-Mo PrP™® ‘
Brains from sick mice in which disease was produced by inoc-
ulation with the newly generated 263K-Mo prions after 15
rounds of PMCA (first passage) or the known mouse strains
RML and 301C were analyzed by histological studies. As
a control, we used brain of a mouse inoculated with PBS
and sacrificed without disease at 350 days after inoculation.
(A) Spongiform degeneration was evaluated after hematoxifin-
eosin (HE) staining of three different brain areas (cerebellum,
medulla, and hippocampus) and was visualized ata 40 x mag
nification.
(B) Reactive astrogfyosns was evaluated in the inferior cullicu-
lus by staining with glial fibrillary acidic protein antibody.
(C) PrP accumulation in these animals was evaluated in the
occipital cortex and cerebellum by staining of the tissue with
the 6H4 antibody.
(D) The vacuolation profile in each brain area was estimated
with a semiquantitative scale, as described in the Experimental
Procedures. The brain areas used were the following: occipital
cortex, cerebeltum (mostly white matter), medulla (spinal 5 nu-
cleus, interpolar part), inferior colliculum, and hippocampus
- (CA1 and CA2 regions). We also included in the analysis brain
sections from animals inoculated with RML and 301C. The
values represent the average + standard error of the extent
‘of vacuolation from the five animals analyzed in each set. Sta-
tistical analfysis by two-way ANOVA with brain regions and
_prion origin as the variables indicated that differences were
highly significant {p < 0.001). To assess the significance of
the differences between each known prion strain and 263K~
Mo, we used the Dunnett multiple comparison post:test, and
the p values for each- combination are shown.

- etal., 2007). The PMCA technology has been adap-
ted toreplicate prions fromvarious species (Deleault
etal,, 2005; Jones et al 2007; Kurt et al., 2007; Mur-
‘ayama et al., 2007; Sarafoff et al., 2005; Soto et al.,
2005) and even to use bacterially produced re-
combinant PrP as substrate (Atarashi et al., 2007).
The conclusion drawn from these studies together
with the findings.reported in this manuscript is that

propaganon of the PrPS® misfolding resuits in formation of infec-

tious material, which maintains the strains.and species-barrier
properties of the original prions. Qualitatively similar conclusions
have been obtained for yeast prions, which are a group of “infec-
tious proteins” that behave as a non-Mendelian genetic element
and transmit biological information in the absence. -of nucleic
acid(Wickner et al., 1995). Recent studies showed that bacterially
produced N-terminal fragments of the yeast prions Sup35p and

Ure2p when transformed into amyloid fibrils were able to propa-

gate the prion phenotype to yeast cells (Brachmann et al., 2005;

King and Diaz-Avalos, 2004; Tanaka et al., 2004). Infection of yeast

with different conformers led to generation of distinct prion strains

“in vivo (Brachmann et al., 2005; Tanaka et al., 2004). Remarkably,

yeast prions.also show the species-barier phenomenon, and re-
cent data.indicate that strain conformation is the critical determi-
nant of cross-species prien transmission (Tanaka et al., 2005).

. In the cutrent study, we demonstrate the generation of new in-
fectious prions across the species barrier. For this purpose, we
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Figure 7. Biochemical Characteristics of 263K-Mo Prp°

{A) Samples from brains of mice inoculated with 263K-Mo, RML, or301C were used to study the efectrophoretical migration after deglycosylation and PK treatment.
(B) For assessment of the efectrophoretical differences among distinct strains, the biot in (A) was scanned and analyzed by software included in the UVP image

analysis system to locate the exact position of the bands.

(C) The PK resistance profile of 263K-Mo PrPS® was studied and compared with RML.

(D) The results of the experiment shown in (B) were quantitated by densitometric analysis. The data in the figure represent the average + standard error from
three independent animals. The differences were statistically significant as evaluated by one-way ANOVA (p < 0.01). -

mixed PrSe from one species with PrPC from a different animal
species and subjected the mixture to serial rounds of PMCA to
generate, propagate, and stabilize new prion strains. Hamster
PrPSe generated from mouse RML prions was inféctious to
wild-type hamsters. Detailed analysis of the disease characteris-
tics and comparison with the illness produced by several known
hamster prion strains indicate that the in vitro-generated infec-
tious material across the species barrier corresponds to a new
prion strain in hamsters {termed RML-Ha). The main differences
of the RML-Ha were on the incubation times after i.p. inoculation,
the extremely high resistance to PK degradation, and the pattem
of brain damage (Table S1). Similarly, PrPS generated by con-
version of mouse PrPC with hamster PrPS® from the 263K strain
was shown to be infectious to wild-type mice, with an incubation
period comparable to that obtained after inoculation with some
of the mouse-adapted scrapie strains, such as RML. Again, the
disease produced by the new prions {termed 263K-Mo) was
cléarly distinguishable from the one produced by some of the
currently known mouse prion strains. The major differences
were seen in the electrophoretical migration, extremely high re-
sistance to proteolytic degradation, and pattern of brain spongi-
form degeneration (Table S2). To rule out that newly generated
PrPSe in these experiments was coming from *“de novo" sponta-
neous conversion of PrP€ into PrpSe during PMCA, we used
samples of healthy brain homogenate from ten different mice
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and hamsters that were subjected to serial rounds of PMCA am-
plification in the absence of PrPS® seed. After up fo 20 serial
rounds of PMCA, we did not observe de novo formation of PrPSe
in any of the samples. This material was inoculated into wild-type
animals, and no disease was observed more than 400 days after
inoculation. These results strongly indicate that the generation of
PrP%¢ reported in the present study was due to interspecies prion
conversion. Nevertheless, we would like to highlight that recently

. we have been able to generate in vitro PrPS® de novo without ad-

dition of PrPS° seed (data not shown). However, to reach this
aim, the PMCA conditions need to be modified. The modifica-
tions include changes on the PMCA parameters (length of incu-
bation and potency of sonication), preincubation, or pretreat-
ment of the normal brain homogenate to induce/stabilize PrP
misfolding prior to PMCA. These findings suggest that de novo
formation of PrPS¢ can be experimentally distinguished from
replication of preformed PrPS°, indicating that the biochemical,
conformational, or stability properfies of the PrP structures in-
volved in both processes are probably different. Standard
PMCA conditions, as those used in the current study, do not re-
sult in spontaneous.PrPSe formation.

Interestingly, in our serial PMCA amplifications of RML PrPSe
into hamster PrP®, we observed-a progressive change on the
western blot profile of the newly generated RML-Ha PrPSC, In-
deed, in the first round of PMCA, the glycoform distribution
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pattern was reminiscent of RML and later switched to a profile
typical of the hamster strains, characterized by the predomina-
tion of the diglycosylated form (Figure 1D). Our interpretation of
this resuit was that consecutive rounds of PMCA may enable
the new prion strain to adapt and stabilize. To further study
this possibility in our experiments in which mouse prions were
. generated from 263K hamster prions, we inoculated the material
generated after various rounds of PMCA. Strikingly, similar
amounts of PrPS® generated after one and three rounds of
PMCA produced disease with incomplete attack rates and/or
very long incubation periods (Figures 5B and 5C). Incubation
time stabilized after six rounds of serial PMCA, suggesting that
at this point the new strain is fully adapted. These findings sug-
gest that PMCA is not only able to reproduce.the interspecies
transmission of prions but is also able to mimic the strain adap-
tation process-observed in vivo. In vivo adaptation and stabiliza-
tion of prions generated after crossing the species barrier takes
at least four consecutive passages, which requires several years
of work (Race et al., 2001, 2002). Conversely, strain adaptation
by PMCA takes only 2 or 3 weeks, Importantly, the kinetics of ad--
aptation in vitro and in vivo, as well as the characteristics of the
stabilized material, are very similar. Indeed, it has been reported -
that three serial passages of 263K in mice produce disease in all
animals, with an incubation time of around 300 days (Race et al.,
2002). This result is very similar to the data obtained with the ma-
terial generated in vitro after three successive rounds on PMCA
rephcahon (Figures 5B and 5C). Moreover, less than three in vivo
passages produced an mcomplete attack rate, and more than
three passages are needed to obtain a stable and low incubation
period (Race et al., 2002), which is in the same range of our. 263K-
Mo ‘infectious material: Finally, similar to our in vitro data, the
in vivo cross-species transmission between hamisters “and
mice also led to the generation of unique prion strains (Race -
et al., 2001, 2002). Afthough we are tempted to speculate that
each PMCA round has the same effect on strain adaptatlon as

. did each in vivo passage, more experiments with other species

combinations are needed to reach this conclusion.

In summatry, our results show that alt elements controlling in-
. terspecies ti'ansmission of prions are contained in a cell-free sys-
" tem and that new prion strains can be generated ‘adapted, and
stabilized upon crossing the species barrier in vitro by PMCA.
These findings provide additional support for the prion hypothe-
sis, suggestlng that specnes—bamer transm:ssuon and stram gen-
eration are determined by the propagatlon of PrP masfoldmg
Furthermore; the data demonstrate that PMCA is ‘a valuable
tool for the investigation of the strength of the barrier between
diverse speCIes its molecular deterrmnants and the expected
features of the new |nfectxous material produced. Finally, our-
findings suggest that the universe of possnb|e prions is not re-
stricted to those currently known but that ||kely many.-unique in-
fectious foldings of the prion protein may be produced and that
one of the sources for this is cross-specnes transmlsslon

EXPERIMENTAL Paoceoum-:s '
Preparaﬁon of Tissue Homogenates

Healthy and sick animals were perfused with phosphate—buffered saline (PBS) ..
plus 5§ mM ethylenediaminetetraacstic acid (EDTA) before the tissue was har-
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vested. Ten percent brain homogenates (w/v) were prepared in conversion
buffer (PBS containing 150 mM NaCl, 1.0% Triton X-100, and the complete
cocktail of protease inhibitors from Boehringer Mannheim, Mannheim, Ger-
many). The samples were clarified by a brief, low-speed centrifugation (1500
rpm for 30 s) with an Eppendorf centrifuge (Hamburg, Germany), model 5414.

Serial Replication of Prions In Vitro by PMCA

Aliquots of 10% brain homogenate from clinically sick mice infected with RML .
or 301C and hamsters infected with 263K, HY, or DY prions were diluted into
10% hamster or mouse heaithy brain homogenate. Samples were loaded onto
0.2 ml PCR tubes and positioned on an adaptor placed on the plate holder of
a microsonicator (Misonix Model 3000, Farmingdate, NY). Each PMCA cycie
consisted of 30 min incubation at 37°C followed by a 20 s pulse of sonication
set at potency of 7. Samples were incubated without being shaken immersed
in the water of the sonicator bath. After a round of PMCA cycles, a 10 wl aliquot
of the amplified material was diluted into 90 ul of more normal brain homoge-
nate, and a new round of PMCA cycles was performed. This procedure was
repeated several times to reach the final dilutions indicated in the text. The de-
tafled protocol for PMCA, including reagents, solutions, and t?oubleshooﬁng,
has been published elsewhere (Castilla et al., 2006; Saa et al., 2005).

Proteinase K Degradation Assay

.+ The standard procedure for digestion of PrPS< consists of subjecting the sam-
- ples to'incubation in'the-preseni;e of PK (50 pg/ml) for 60 min at 37°C. The di-
. gestion was stopped by addition of electrophoresis sample buffer, and the

protease-resistant PrP was revealed by western blotting. So that the profile
of PK sensttivity for in vitro- and in vivo-generated PrP®° could be studied,
the samples were incubated for 60 min at 37°C with different concentrations
of PK ranging from 0 to 2500 pg/ml. The PKso values represent the concentra-
tion of PK needed to digest half of the ptotem.and theeevalues are estimated
on the basis of the densutome’mc analysis of three rep(' icated westem blots: ’

Guanidine Denaturation Assay g

Samples were incubated with different concentrations of guanidine hydrochio-
ride for 2 br at room temperature with' shaking. ‘Thereafter, samples were
incubated in the presence of 10% sarkosy! for 30 min at 4°C and centrifuged
at 100,000 x g for 1 tr in a Biosafe Optima MAX ultracentrifuge (Beckman
Coulter, Fullerton, CA). The peliet of the centrifugation was resuspended in
conversion buffer and treated with PK as described above. Equivalent aliquots
of pellet were analyzed by western biot. The Gdngg value corresponds to
the concentration of guanidine hydrochloride required to denaturate 50%:

. of the protein, and these values were estimated on the basis of the

densitometric analysis of three replicated western blots.

Proteln Deglyoosylaﬁon Assay

" PrP®® samples were first digested with PK as describe above. After addition of

10% sarkosyl, samples were centnfuged at 100,000 x g for 1hrat4°C, super—
natant was discarded, and the pellet resuspended in 100'p of glycoprotem de-

" naturing buffer (New England Bioldbs; Beverly, MA) and: xncubated for 10 min

at 100°C. Thereafter, 26 ul of 50 mM-sodium phosphate {pH 7. 5) contammg 1%

" nonidet P-40 and 3 i of peptide N-glycosidase F (New England Biolabs, Bev-

erly, MA) were added. Samples were incubated for2 hr at. 37‘fC and the reac-
tion was stopped by the addition of eieé;rophoresi; buffer and samples were
analyzed by western blot.

Western Blot

Proteins were fractionated by sodium dodecyl sulfate-polyacrylamde gel
electrophoresis (SDS-PAGE) under reducing conditions, electroblotted into ni-
trocéliulose membrane, and probed with 6H4 (for mouse samples) and 3F4 {for
hamster 'samples) antibodies at a 1:5000 dilution. The immunoreactive bands
were visualized by enhanced chemoiuminesence assay (Amersham, Piscat-
away, NJ) with an UVp image analysis system. So that the quantity of PrPS®
in the westem blot would be assessed, densitometric analyses were done
by triplicate.
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PrP®° Quantification

' To inject the same quantity of PrPS® from each preparation, we compared the
samples by western blotting after PK digestion. To obtain a reliable and robust
quantification, we ran several different dilutions of the sample in the same gel,
to avoid artifacts due to saturation of the signal or to too weak of a signal.

Infectivity Studies

In vivoinfectivity studies were done in C578I6 female mice or Golden Syrian fe-
male hamsters, purchased from Charles river. Animals were 4 to 6 weeks old at
the time of inoculation. Anesthesized animals were injected stereotaxically into
theright hippocampus with 2 or 4 ul of the mouse or hamster infectious material,
respectively. For the i.p. infectivity studies, 100 ui of the sample were injected
into the peritoneal cavity. The quantity of infectious material injected corre-,
sponds to the plateau portion of the incubation period; therefore, small differ-
ences in the amount of infectivity should not change incubation period uniess
there are strain differences. The onset of clinical disease was measured by
scoring of the animals twice a week. For mice, the following scale was used:
1, normal animal; 2, roughcoat on limbs; 3, extensive roughcoat, hunckback,
and visible motor abnormalities; 4, urogenital lesions; and 5, terminal stage of
the disease in which the animal presented with cachexia and lies in the cage
with little movement. For hamsters, the following scoring scale was used: 1,
normal animal; 2, mild behavioral abnormalities including hyperactivity and hy-
persensitivity to noise; 3, moderate behavioral problems including tremor of the
head, ataxia, wobbling gait, head bobbing, irritability, and aggressiveness {or
lethargy in case of the DY strain); 4, severe behavioral abnormalities inciuding
all of the above plus jerks of the head and body and spontaneous backrolls; and
5, terminal stage of the disease in which the animal lies in the cage and is no lon-
ger able to stand up. Animals scoring level 4 during two consecutive weeks
were considered sick and were sacrificed to avoid excessive pain via exposi-
tion to carbonic dioxide. Brains were extracted, the right cerebral hemisphere
was frozen and stored at -70°C for biochemical examination of PrPS¢ with
westem blots, and the left hemisphere was used for histology analysis.

Histopathological Studies

Brain tissue was fixed in 10% formaldehyde solution, cut in sections, and em-
bedded in paraffin. Serial sections (6 pm thick) from each block were stained
with hematoxylin-eosin, or incubated with monocional antibodies recognizing
PrP or the glial fibrillary acidic protein, via our previously described protocols
(Castitia et al., 2005). Samples were visualized with a Zeiss microscope. The
vacuolation profile was estimated by consideration of both number and size
of spongiform degeneration in five different brain areas: occipital cortex, cer-
ebellum {mostly white matter), medulla (spinal 5 nucleus, interpolar part), infe-
rior colliculum, and hippocampus (CA1 and CAZ2 regions). Each analyzed brain
area was scored from 0 to 4 according to the extent of vacuolation in slides
stained with hematoxilin-eosin and visualized at a 40 x magnification. Samples
were analyzed blindly by two different persons, and the scores represent the
average of the two determinations.

Statistical Analysis

‘The differences in incubation periods, hlstopatholog»cal profile of brain dam-
age, and biochemical characteristics of PrPSe were analyzed by ANOVA, fol-
lowed by the Dunnett Multiple Comparison post-test to estimate the signifi-
cance of the differences between the newly generated strains and each of
the other hamster and mouse prion strains studied. For these studies, the
data were analyzed with the GraphPad Instat, version 3.05 software.

SUPPLEMENTAL DATA

$Supplemental Data include one figure and two tables and can be found with
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Excretion of Transmissible
Spongiform Encephalopathy
Infectivity in Urine

Luisa Gregori, Gabor G. Kovacs, Irina Alexeeva, Herbert Budka, and Robert G. Rohwer

The route of transmission of most naturally acquired
transmissible spongiform encephalopathy (TSE) infections
remains speculative. To investigate urine as a potential
source of TSE exposure, we used a sensitive method for
detection and quantitation of TSE infectivity. Pooled urine
collected from 22 hamsters showing clinical signs of 263K
scrapie contained 3.8 + 0.9 infectious doses/mL of infectivi-
ty. Titration of homogenates of kidneys and urinary bladders
from the same animals gave concentrations 20,000-fold
greater. Histologic and immunohistochemical examination
of these same tissues showed no indications of inflammato-
ry or other pathologic changes except for occasional depos-
its of disease-associated prion protein in kidneys. Although
the source of TSE infectivity in urine remains unresolved,
these results establish that TSE infectivity is excreted in
urine and may thereby play a role in the horizontal transmis-
sion of natural TSEs. The results also indicate potential risk
for TSE transmission from human urine-derived hormones
and other medicines.

Tmnsmissible spongiform encephalopathies (TSEs) are
fatal neurologic diseases. In humans, a long asymptom-
atic incubation period is followed by a progressive clinical
course that typically lasts a few months to a year. TSE in-
fectivity and pathologic changes are concentrated in the ner-
vous system; however, much of the transmission risk results
from parenteral exposure to the much lower concentrations
of infectivity found in tissues outside the nervous system.
Thus, despite the very low concentration of TSE infectiv-
ity in blood (7,2), 4 human cases of transmission of variant
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Creutzfeldt-Jakob disease through blood transfusions have
been documented (3,4). If TSE infectivity were excreted,
human urine, which is a source of injectible fertility hor-
mones and other drugs (5,6), could also pose a risk for trans-
mission. Infected urine might also account for the horizontal
transmission of sheep scrapie and might contribute to the
natural spread of chronic wasting disease in deer and elk.
Early attempts to transmit Creutzfeldt-Jakob disease
by cross-species inoculation of rodents and primates with
urine from diseased patients failed (7,8). More recent at-
tempts in which urine from infected hamsters was injected
back into hamsters have produced variable results (9,70).
Two other studies have reported infectivity in urine (7/)
and infectivity with disease-specific prion protein (PrP¢) in
kidneys of mice with simultaneous scrapie and nephritis but
not in those with scrapie alone (72). To resolve these dis-
crepancies, we used a highly sensitive and precise method
of measuring low concentrations of TSE infectivity, which
we have successfully used for quantitation of TSE infec-
tivity in blood (7,2), to measure the concentration of TSE
infectivity in urine of scrapie-infected hamsters.

Materials and Methods

Urine Collection and Processing

Urine was collected from a cohort of 22 Syrian ham-
sters (Harlan Sprague-Dawley, Haslet, MI, USA) that had
been infected by intracranial injection with 10% (wt/vol)
scrapie brain homogenate (263K strain) and from a co-
hort of 8 age-matched, noninoculated contro! animals. At
the time of urine collection, the scrapie-infected hamsters
showed clear clinical evidence of disease but were still able
to drink and eat (67-74 days postinoculation). Hamsters
were placed 2 at a time for 24 hours in metabolism cages
in which they had access to water but not food. Food was
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