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The ability of abnormal TSE-associated forms of PrP to seed the
formation of amyloid fibrils from recombinant PrP*" has served
as the basis for several relatively rapid and highly sensitive tests
for prion diseases. These tests include rPrP-PMCA (rPMCA),
standard quaking-induced conversion (S-QulC), amyloid
seeding assay (ASA), real-time QulC (RT-QuIC) and enhanced
QuIC (eQuIC). Here, we summarize recent improvements in the
RT-QulC-based assays that enhance the practicality, sensitivity
and quantitative attributes of assays QulC and promote the
detection of prion seeding activity in dilute, inhibitor-laden
fluids such as blood plasma.

Introduction

The pathogen (prion) associated with the transmissible spongi-
form encephalopathies (TSEs) or prion diseases of mammals is
largely a misfolded multimeric form of the host’s prion protein
(PrP).! TSE-associated forms of PrP, e.g., PrP%, PrPR or PrPTsE,
can induce or seed the conversion of their normal counterpart,
PrP€ or PrP%, to forms that, like PrP5¢ itself, are higher in 3 sheet
content, polymeric and more protease-resistant. A key problem in
attempting to cope with TSE diseases in humans, livestock and
wildlife is the lack of sufficiently practical and sensitive assays
for routine detection of prions and early diagnosis of TSEs. The
propagation of prions without classical immune responses or the
production of pathogen-specific nucleic acids or polypeptides
negates the use of many methods that are commonly used for
detecting infections of conventional pathogens. However, the
distinct seeding activity of PrP* serves as the basis of recently
developed ultrasensitive tests for prion infections such as protein
misfolding cyclic amplification (PMCA),** quaking-induced
conversion (QulC),>® the amyloid seeding assay (ASA),” the
surround optical fiber immunoassay (SOPHIA)," and others'
(Table 1). In some cases,”® samples containing < 1 ag (10% g)
PrPRe can seed the formation of ng-pg amounts of protease-resis-
tant PrP that are readily detectable by conventional methods,
amounting to signal amplifications of greater than a billion-fold.
In this article, we will emphasize recent improvements in assays
of this sort that are bringing ultrasensitive prion detection into
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the realm of practical applicability in medicine, agriculture and

wildlife biology.

Recombinant PrP PMCA (rPrP-PMCA),
Standard QuIC (S-QuiC) and ASA

The rPrP-PMCA,* S-QulC,>® and ASA’ assays use bacterially
expressed recombinant PrP (rPrP) as a substrate for prion-seeded
conversion to rPrP amyloid fibrils. In the former two assays, the
tPrP amyloid is detected as specific proteinase K (PK)-resistant
bands by immunoblotting, while in the ASA the amyloid is
detected using the amyloid-sensitive dye thioflavin T (ThT).
Although each of these highly sensitive assays provided more
rapid and practical approaches to the detection of prion seed-
ing activity, they had certain practical limitations that have been
discussed previously in references 6, 8 and 12-14. Notably, the
tPrP-PMCA requires the sonication of reaction tubes, which can
be difficult to control. In the S-QulC and ASA assays, sonication
is replaced with more easily controlled and replicable shaking
of reaction vessels. The ability of the rPrP-PMCA and S-QuIC
assays to handle large numbers of samples is limited by the need
to perform reactions in individual microtubes and to detect reac-
tion products by immunoblotting. The ASA employs a much
higher-throughput multi-well plate reaction format with a simple
fluorescence readout, but is complicated to some extent by the
relatively rapid formation of ThT-positive reactions in negative
control samples.” Consequently discrimination of prion-seeded
vs. unseeded reactions in the ASA depends on careful compari-
sons of lag times.

Real-time Quaking Induced Conversion (RT-QuiC)

To address these limitations, Atarashi and colleagues originated
the RT-QulIC assay which blends the high-throughput multiwell
plate format and ThT fluorescence readout of the ASA with con-
ditions that, as in the S-QulC, were selected to minimize the
formation of spontaneous (prion-independent) ThT-positive
amyloid fibrils.®'? Applications of the RT-QulC for the detec-
tion of various types of human CJD showed that it can detect
up to 10"°-fold dilutions of sporadic CJD (sCJD) brain homog-
enates containing -1 fg of PrP**. Moreover the assay is specific
with respect to a variety of non-CJD brain tissue controls.'*?
Curiously, for reasons that remain unknown, the lag phases in

RT-QuIC reactions seeded with variant CJD (vCJD) tend to be
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Table 1. Comparison of selected highly sensitive prion/PrP*c assays

Assay

PMCA

PMCAb

PMCA +
SOPHIA

rPrP-PMCA

SOPHIA

ASA

S-QuiC

RT-QuiC

eQuiC

Edgeworth

much longer than those for reactions seeded with comparable

Principle

Seeded conversion of brain PrP;
Sonicated; western blot

Seeded conversion of brain PrPS;
Teflon Beads; Sonicated; western
blot

Seeded conversion of brain PrP<;
Sonicated; SOPHIA

Seeded fibrillization of rec PrPS;
Sonicated; western blot

Optical fiber laser Immunoassay
detection of PrP*

Seeded fibrillization of rec PrPS;
Shaken; Multiwell ThT detection

Seeded fibrillization of rec PrP<;
Shaken; western blot

Seeded fibrillization of rec PrP<;
Shaken; Multiwell ThT detection

Immunoprecip. + enhanced
RT-QuIC; Multiwell ThT detection

Steel bead capture + ELISA

dilutions of sCJD brain homogenate.”

A particularly significant application of the RT-QulC is in the
diagnosis of sCJD using cerebrospinal fluid (CSF) samples.'

Antemortem CJD diagnoses can be difficult and relies on a
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Sensitivity:
Prpres
(example)

0.1 ag
(hamster 263K
etal)

100 ag/mL
urine (deer
CWD et al.)

50 ag

10-100 ag
(hamster 263K
etal)

1fg
(hamster
Sc237 etal))

0.1-100 fg
(hamster 263K
etal)

1fg
(hamster 263K
etal)

1 ag (vCJD)

sCJD Diagnostics Using RT-QuiC

Sensitivity:

brain dil. A.ssay Sample Comments Refs.
time types
(example)
Brain, blood, Propagates
107 feces, urine, inf:ct?vit )
(hamster 263K <16d  spleen, milk, . .y,. 2,3,24-39
Sonication difficult
etal) oral secre- .
R . to standardize
tions, liver
1072 . Sonication difficult
(hamster 263K) s 2l to standardize Sy
Sonication difficult
etk to standardize;
~3d ma, brain, ’ 10, 41
. non-standard
urine .
instrument
101° Sonication difficult
2- in, CSF : 4
(hamster 263K) = A 65 to standardize
1070 N‘on—standard
(hamster 263K 1-2d Brain Instrument; 42
Protease depen-
etal) L
dent sensitivity?
Relies on
108 decreased lag
(hamster Sc237, ~1d Brain phase relative to 9,43
sCJDetal.) spontaneous
fibrillization
0% d  Brain, CSF Sfpt? "ﬁa atlon
(hamster 263K) 1-3 rain, i rl .|z§t|on 57
minimized
No infectiv-
10710 . ity propagation;
(hamster 263K, ~2d nBar?;Tflilsgs spontaneous fibril- 6’1 162’1185,
sCJD, vCJD) lization minimized; !
CJD diagnosis
10" (sCJD, Blood plas- .Captu.re.s seed-
2-3d . ing activity from 8
vCJD) ma, brain A
inhibitory samples
Captures PrPs¢
10 (vCJD) ~2d  Blood, brain 7Ry 22

samples; e.g., vCJD
blood samples

battery of tests including clinical signs, EEG, MRI and assays
for CSF markers such as the 14-3-3 and tau proteins that are
not specific for TSE. The RT-QuIC offers the opportunity to
test for a TSE-specific marker, i.e., PrP“P. Analyses of panels of
CSF samples from sCJD and non-CJD patients from Japan and
Australia showed that the RT-QulC had > 80% sensitivity and
100% specificity in identifying CJD specimens. Moreover, all
of the different sCJD subtypes were reactive in the RT-QulC
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assay. Concurrent tests using the 14-3-3 assay revealed that the
RT-QulC was substantially more specific for CJD than the stan-
dard 14-3-3 assay. Blinded analyses of other large panels of CSF
specimens from sCJD and non-CJD controls by another labo-
ratory have obtained similar results (McGuire LI, Peden AH,
Orru CD, Wilham JM, Appleford NE, Mallinson G, Andrews
M, Head MW, Caughey B, Will RG, Knight RSG, Green AJE,
Annals of Neurology, in press), fueling efforts to further imple-
ment and evaluate RT-QulC as a diagnostic test for sCJD in mul-
tiple centers around the world.

RT-QulC Detection of Animal TSEs

RT-QulIC has also been applied to the detection of sheep scra-
pie, rodent-adapted scrapie and chronic wasting disease (CWD)
of cervids.® With a hamster-adapted scrapie strain (263K), the
RT-QulIC sensitivity for detection of brain homogenate dilutions
was found to be comparable to bioassay in hamsters by intrace-
rebral inoculation. Moreover, RT-QulC readily detected prion
seeding activity in cerebral spinal fluid and nasal lavages of prion-
infected hamsters.

Quantitation of Prion Seeding Activity
by End-point Dilution RT-QuiC

Analysis of serial dilutions of test samples by RT-QulC provides
a means of quantitating relative concentrations of prion seeding
activity (Fig. 1). The approach is conceptually analogous to end-
point dilution titrations in animal bioassays in which the sample
dose causing disease in 50% of the inoculated animals (i.e., the
50% lethal dose or LD, ) is estimated. With RT-QuIC the dose
giving positive reactions in 50% of replicate reactions, i.e., the
50% seeding dose or SD,
give the concentration of SD, per unit volume or weight of origi-

is determined. Back calculations then

nal samples. Such analyses have allowed the first in vitro mea-
surements of seed concentrations in the CSF and nasal fluids of
prion infected hamsters.® The detection of substantial levels of
seeding activity and infectivity in nasal fluids is consistent with
the detection of PrP** in the olfactory epithelia of hamsters®'®
and humans" and supports the notion that the nasal mucosa may
be a significant source of prion shedding from infected individu-
als. Furthermore a more recent study found that irritation of the
nasal cavity can increase the release of prion seeding activity into
nasal fluids by 100- to 1,000-fold."®

We have also used end-point dilution RT-QulC to assess the
time course of accumulation of prion seeding activity in the CSF
of hamsters inoculated with scrapie by either the intracerebral
or intratongue routes.” After intracerebral inoculation, seeding
activity appeared in CSF within 1 d, decreased for several days,
and then climbed ~100-fold before plateauing at ~30 d, prior to
the onset of clinical signs at 60 d. In this case, it seems likely that
the initially detected seeds were from the inoculum but that the
later surge in seeding activity was due to prions propagating in
the host. In contrast, with intratongue inoculations where seeds
are not inoculated directly into the CNS, seeding activity was
first detected in CSF near the onset of clinical signs of disease at
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Figure 1. End-point dilution quantitation of prion seeding activity by
RT-QuIC. Top part: We show the average relative fluorescence from RT-
QulC reactions seeded by dilutions (eight replicate wells per dilution)
of hamster 263K scrapie brain homogenates as a function of time. With
more dilute seed samples, the lag phase prior to the rapid fibriliza-

tion phase increases and stepwises increases in the fluorescence can
be seen as individual reactions become positive. Near the endpoint
dilution (in this case the 10 dilution) only a subset of the replicate
reactions became ThT positive. Bottom part: comparison of proportion
of positive replicate RT-QuIC reactions (blue) and clinically affected
hamsters (black) inoculated with the designated dilutions of 263K scra-
pie hamster brain homogenate. Normal brain controls are shown in red
for the RT-QuIC. From these curves, estimates of the SD, and LD, can
be made, however, we typically make these estimates using Spearman-
Karber analyses of the data.** In this example (but not all sample types),
the dilutions containing an SD,  and an LD, were similar, indicating
similar sensitivities of the RT-QuIC and bioassays for these samples.
However, whereas the RT-QuIC assay takes ~2 d, the bioassay take

6-12 mo for determining end-point dilutions. Adapted with permission
from Wilham et al.¢

~85 d, well after seeds had accumulated to much higher levels in
the brain tissue. These results call into question the likelihood
that RT-QuIC analyses of CSF samples will allow preclinical
detection of scrapie infections originating in peripheral, non-
CNIS sites, at least in this animal model.

eQuIC: Capturing and Detecting Prion Seeds
from Dilute and/or Inhibitor-Laden Samples

Although RT-QulC is suitable for detecting prion seeding activ-

ity in a variety of specimens, it can be inhibited by components
of some types of samples such as whole blood, blood plasma or
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Enhanced RT-QuIC (eQuIC)
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Figure 2. eQulC diagram and data. In eQuIC, prion seeds are immu-
noprecipitated with 15B3-coated beads and the beads are added to
the reaction wells to initiate the reaction. After 24 h, the substrate is
replaced and prion-seeded reactions usually turn ThT-positive within
several hours (if not earlier).

blood-contaminated tissues. To circumvent this problem and to
pursue a blood test for prions, we have incorporated an immu-
noprecipitation step onto the front end of the RT-QuIC reaction
(Fig. 2). We also improved the sensitivity with the addition of a
PP substrate replacement step during the RT-QulC reaction as
has been shown to be helpful in PMCA reactions.'” The combi-
nation of these two assay modifications is what we call eQuIC.*
For this purpose we employed the monoclonal IgM antibody
15B3 which is selective for PrP5¢ and other abnormal PrP oligo-
mers over monomeric PrP¢.2%# The antibody is coupled to anti-
IgM coated magnetic beads and incubated with the test sample.
This method has been developed using primarily ~0.5 ml of
either spiked or naturally infected blood plasma.® The beads are
then washed, treated, and added directly to reaction wells for
RT-QuIC. After 24 h, 90% of the liquid is removed, leaving
most of the beads and nascent seeded amyloid in the well, and
fresh rPrP substrate is added to continue the reaction.

The resulting eQulC assay has proven to be several orders of
magnitude more sensitive than RT-QulC alone. For instance,
up to 10"-fold dilutions of vCJD brain homogenates in human
plasma, containing less than -1 ag of PrP** have been detected.®
This is ~10,000-fold more sensitive than previously reported
assays for dilutions of vCJD brain homogenate?® and is similar
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to the sensitivity limit for hamster PrP** using serial PMCA.?
Sensitivities in the 1-100 ag range have also been achieved in
eQulC assays of sheep, hamster and murine scrapie PrP* (Orrl
CD, Hughson A and Vascellari S, unpublished data). An atto-
gram is equivalent to the mass of ~20 PrP molecules, which is near
the number of molecules estimated to comprise the most infec-
tious (per unit protein) scrapie particle.”> However, we note that
estimates of PrP** content in TSE brain homogenates by immu-
noblotting are rough and dependent on proteinase K digestion
conditions. Furthermore, it is possible that the majority of seeding
activity is often associated with forms of PrP% that are more pro-
teinase K-sensitive than those typically detected as PrPR¢. These
factors make it difficult to use presently available data to deter-
mine the minimum number of seed particles or molecules of PrP*
required to initiate positive RT-QulC or serial PMCA reactions.

eQulC can readily detect prion seeds naturally present in
the blood of scrapie-infected hamsters® and sheep (unpublished
data) as indicated by the discrimination of plasma samples from
infected and uninfected controls. Comparisons of eQulC reac-
tions using beads lacking the 15B3 antibody showed that the
antibody improved the sensitivity of the assay by several orders of
magnitude.® Collectively, the blood plasma data provide evidence
that eQulC can serve as the basis for a blood test for prion infec-
tions. Other in vitro assays have also detected prions endogenous
to the blood of infected individuals.'>'"?>?¢ Further testing will
be required to determine if approaches similar to eQulC can be
applied successfully to the detection of minute concentrations of
prions in other types of samples, including those containing sub-
stances that are otherwise incompatible with prion-seeded ampli-
fication reactions such as RT-QulIC and PMCA.

Conclusions

Recent advances in assays based on prion-seeded rPrP amyloid
formation have considerably improved their sensitivity and prac-
ticality. Initial evaluations of CSF-based RT-QuIC for sCJD
diagnosis have indicated at least comparable sensitivity (85—
90%) and substantially better specificity (100%) than tests for
other markers.'>'* Given that the eQulC is several orders of mag-
nitude more sensitive than the RT-QuIC, it will be important
to test if eQulC might push the diagnostic sensitivity for sCJD
closer to 100%. Another major goal at this point is to determine
whether eQuIC can also detect prion seeds naturally occurring
in the blood of humans infected with vCJD. If so, such testing
of blood could help prevent further transfusion-based transmis-
sions of vCJD. As demonstrated by the analyses of CSF and nasal
fluids,®'*!® the highly sensitive, quantitative, relatively rapid
and high-throughput attributes of end-point dilution RT-QuIC
should facilitate measurements of prion seeds in a wide variety of
samples suspected of being contaminated with prions. In prin-
ciple, an end-point dilution quantitation should also be possible
with the more sensitive eQulC assay, but additional work will be
necessary to establish its reliability.

Ultimately, it will be important to have multiple ultrasensitive
tests available for prion detection and TSE diagnostics. Given the
dire implications of a diagnosis of TSE infection, the accuracy of
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such tests and the ability to confirm positive reactions with both
repeats of the same test and the applications of other tests will

be of paramount importance. The apparent rarity of actual TSE

infections in most human and animal populations also makes it

likely that even tests with very low false positive rates will yield
more false positives than real positives in any surveillance of gen-
eral, rather than clinically targeted, populations. Hopefully, the
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