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4. Discussion

Using IPCR, we have consistently detected recombi-
nant hamster PrPC at 1fg/ml and detected 100ag/mL
(2600 molecules) in 50% of our experiments. Scrapie
infected hamster brain homopenate is detected at the
equivalent of 10—10010, As with PCR, IPCR incorporates
an amplification process (signal amplification) that allows an
exponential increase in sensitivity for detection of an analyte.
The IPCR method for prion protein detection described here
has been developed as a semi-quantitative analytical method
that exhibits a greater sensitivity of detection than any test
for prion protein, which is presently available. Although the
IPCR method isnot yet reproducible to the standards required
for clinical use, there is little doubt that it has the potential
with continued refinement to become the most sensitive
analytical method for the detection of pathogenic protein
and could be translated for use in appropriate laboratories.

4.1. Units of infectivity required for diagnostic detection

For the diagnosis of prion-infected animals, the units ofin-
fectivity (e.g., LDsp, [U) as well as the detection limits neces-
sary to obtain valid diagnoses must be well defined. Different
literature sources may cite slightly different values for equiva-
Ient PrPS¢ concentrations to LDsg and these sources are often
used to estimate the number of LD sp, which must be detected
for pre-clinical diagnosis of BSE and human infection. The
number of PrPS molecules which define an estimate of LDsg
from different sources usually do not exceed a 2-log range.
Prusiner et al. (1982) estimated 1 LDsp to be equivalent to
10° molecules or 5 fg PrPS¢, Brown et al. (2000) estimated
that 1 LDsy is equivalent to [Q JU, which is appreximately
equal to 100 fg/mL PrP5¢, The limit of sensitivity of the West-
ern blot is 1000-3000 IU/mL (Lee et al., 2000, 2001; Brown
et al., 2000; Brown, 2001; MacGregor, 2001), or approxi-
mately 10-30 ng/mL PrP5¢. MacGregor (2001) estimated the
sensitivity of detection of the Western blot and most serology
agsays (1000 IU) is at least 100-fold less than that required for
detection of abnormal prion in blood of pre-clinical infected
animals.

4.2. Other test formats

Other tests described in the literature which report
greater sensitivity of detection (<100 pg/mL) than the West-
ern biot include: (1) a guantitative sandwich ELISA using
time-resolved dissociation-enhanced flucrescence technol-
ogy (DELFIA, EG&G Wallac, Turku, Finland} which showed
a detection limit for PrP® in plasma samples of approxi-
mately 50pg/mL (1.4pM) in vCID (Vélkel et al., 2001);
(2) dual-color fluorescent confocal scanning (Bieschke et al.,
2000) that detects PrPS¢ aggregates in CSF down to approx-
imately 0.1 pg/mL (2.8 £M); (3) the conformation-dependent
immunoassay {Safar et al., 1998) which showed a sensitivity
of 100 pg/mL-1ng/mL (2.8-28 pM); and (4) amplification

of PrP%¢ in vitro by a cyclical process involving alternate
phases of incubation and sonication of the sample (Saborio
et al,, 2001; Soto et al.,, 2002) where a 640-fold dilution of
scrapie infected hamster brain homogenate generated 250 pg
or 8.3 x 10715 mol of dectectable PrP5* after 10 amplifica-
tion cycles; PrPS was detected even after >10,000-fold dilu-
tion under these conditions. All of these procedures appear
promising and offer greater sensitivity than currently avail-
able methods, but (similar to IPCR) none have been standard-
ized for routine use in laborafories.

4.3, Detection in blood

Although transmission of blood infectivity has been doe-
umented in either naturally or experimentally infected ani-
mals, and there are now two reports of transmission from
vCID blood donors to blood recipients (Llewelyn et al., 2004,
Peden et al., 2004), the infectious agent has not been sero-

* logically detected in the blood of infected cattle or humans.

Only Schmerr et al. (1999) reported the detection of PrpSe
in sheep and elk blood befere clinical symptoms of disease
occur (3 months after exposure to PrP5¢) with a sensitiv-
ity of detection of 0.5-13.5 pg/mL (MacGregor, 2001) using
ICCE. However, Cervenakova et al. (2003a) were unable {o
distinguish between extracts from leucocytes from healthy
and CID-infected chimpanzees, or between healthy human
donors and patients affected with various forms of CID us-
ing ICCE. Inconsistencies in the detection of PrPS® in the
blood of pre-clinical animals may be because of differences
between the various anirnal and human model systems. There
may be other reasons why PrPS¢ is undetectable in blood
or pre-clinical specimens by present methodologies. For in-
stance, PrP5¢ may be blocked from molecular interactions by
other (ill-defined) protein chaperone molecules in the blood
(Teiling et al., 1995; DebBurman et al., 1997) or may take on
a different conformation in the blood, which is unrecogniz-
able by antibodies presently available and used in serological
tests. However, it is highly probable that at least one of the
reasens PrP5¢ has been undetectable in blood is because of
a lack of sensitivity of currently available methods, which
cannot efficiently reach sub-pg/mL levels of detection.

4.4. Caveats of the IPCR method

The IPCR standard curve for recombinant hamster PrP©
displayed a correlation coefficient of 0.961 (Fig. 3b), which
is not as precise as an optimized PCR amplification of a DNA
template alone. Unlike PCR, the IPCR protocol involves the
primary step of antibody recognition of recombinant hamster
PrPC. This variable in the IPCR test may account for a loss of
precision when compared to a standard curve generated by
PCR of a DNA template alone. However, a semi-quantitative
dose response represented by increasing Ct with decreasing
recombinant hamster PrPC molecule numbers or increasing
dilutions of scrapie infected hamster brain homogenates was
consistently observed.
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One caveat of any test that uses PK digestion (and not
an antibody specific to PrPS®) as the defining criterion for
determination of scrapie infected versus normal tissues is
that normal PrPC may not be completely digested and will
be detected by the non-PrP®¢ specific antibody. The fraction
of PrPC remaining in scrapie infected brain from terminally
ill animals is estimated to be lower than 0.1% of the original
amount of PrPC (European Commission Directorate-General
IRC, 2002, p. 69) and thus has not been a serious problem
with less sensitive testing methods (e.g., the ELISA) where
the cutoff range for negative (i.e., mean NSB +35D) will ex-
clude 99% of the normal (uninfected) populatien. Frequently,
five times the standard deviation is added to the mean of the
NSB samples to insure 100% exclusion of samples, which
may be designated as falsely positive (European Commission
Directorate-General JRC, 2002, p. 29). However, it is likely
that if dilutions of brain homogenates are not optimized for
complete PK digestion, highly sensitive assay methods such
as IPCR will detect residual PrPC in the PK-digested sample
resulting in a false positive result. It has been documented
that the level of PrP®® in the brains of clinically ill animals
exceeds that of PrPC by 3—10-fold (Safar et al., 1998) and
therefore, is not likely to pose a problem after optimized PK
digestion. Various studies have shown that hamster PrP® is
expressed at levels of approximately 70 pg/gm in brain tis-
sue (Pan et al,, 1992; Groschup et al., 1997). Safar et al,
(1998) have stated that the PrPC concentration in eight dif-
ferent prion strains was <5 wg/mL. We have not found data
in the literature quantifying the exact ratio of PrP® to PrP%
in the same sample of scrapie infected hamster brain ho-
mogenate. The reason for this is that the presence of only PrP©
in each sarnple cannot be ascertained because all cornrmercial
anti-prion antibodies will detect both PrPC and PrPSC, Thus,
it is important when using a highly sensitive assay such as
IPCR, to insure the removal of all PrPC to avoid false positive
results.

Because of the lack of exquisite sensitivity of the West-
ern blot or ELISA in comparison to IPCR, there is no ade-
quate experimental protocol to definitively show that PrP¢
is completely digested in scrapie infected hamster brain
homogenates when using highly sensitive assays (such as
IPCR). Therefore, it was necessary to perform IPCR on sev-
eral dilutions of PK-digested sample using a N-terminus ver-
sus a C-terminus specific antibody (e.g., 8B4 and 7A12) to
define the presence of PrPS¢. Only at the dilution where the N-
terminus specific antibody is non-reactive and the C-terminus
specific antibody is reactive should the sample be considered
suitable for diagnostic interpretation when using an ultra-
sensitive test method. This approach is necessary with IPCR
when detection of PrPS¢ is not performed using a specific
antibody.

Using IPCR, only a2 semi-quantitative dose response was
observed when analyzing increasing dilutions of PK-digested
scrapie infected hamster brain homogenates, Various reasons
for this observation include the fact that the IPCR methodol-
ogy is not (ully standardized and many variables, which exist

within the test format impact upon the final accuracy and re-
producibility of the assay. These variables include the ratio of
DNA reporter molecules {o antigen, which may in furn be af-
fected by several other variables (e.g., the number of biotins
per antibody molecule, the number of biotins which bind
to streptavidin, the number of biotins per DNA melecule,
the number of biotinylated DNA reporter molecules which
bind to the tetravalent sireptavidins), as well as the expo-
nential amplification of the PCR method which accentuates
the upstream effects of any of the above variables. Another
reason that a quantitative dose response is not always oh-
served in the IPCR analysis is that the PrP*° molecule may
be present as aggregates in solution and difficult to solubilize.
If these aggregates are not adequately dispersed during the
initial preparation of the sample, variations or sampling error
between dilution series may result. In fact, when grouping
our data from two adjacent dilutions of homogenates, more
precise dose responses were often observed. Finally, other
uncontrollable factors, such as very low target analyte con-
centrations, or pipettor coefficient of variations may account
for imprecision (e.g., the Amplicor RT-PCR test for HI'V-1
detection has CVs which range from 47 to 90% for samples
which contain 25-50 viral RNA copies) (Amplicor HIV-i
Monitor Test, version 1.5; Roche Diagnostic Systerns Inc,,
Branchburg, NJI).

It has been previously shown that one of the most common
problems associated with the use of IPCR is the reduction of
sensitivity due to high background (non-specific amplifica-
tion) in the negative controls {McKie et al., 2002a, 2002b,
2002c). For example, if more than 33% of the negative con-
trols react as false positives ina typical FDA approved ELISA
test (e.g., Coulter HIV-1 p24 Antigen Assay, Coulter Corp.,
Miami, FL), then the test results are invalid. We enforced a
more stringent criterion for the acceptance of false positive
control reactions in this study; i.e., a run was not accepted
if >25% (two out of eight) of the negative controls reacted
as false positive. When higher levels of non-specific back-
ground fluorescence are present in the IPCR, the fluorescent
threshold may need to be raised, thereby decreasing the sen-
sitivity of detection. Iigh (non-specific background) RFU
levels displace the optimal setting of the BFT which, in turn,
affects Ct values (Figs. 3a and 4b).

4.5. Qur modifications to the IPCR method

There are relatively few publications describing the use of
real-time IPCR (Simset al., 2000; McKic et al., 2002b, 2002¢;
Adler et al., 2003). Others continue fo make novel modi-
fications to the standard IPCR method, which have shown
dramatic improvements in the sensitivily and specificity of
the method (Hendrickson et al., [995; Niemeyer et al., 1998,
1999, 2003). We have made modifications to reported IPCR
protocols in several ways to substantially reduce the occur-
rence of false positives (see Section 2). Our modified IPCR
protocol significantly reduces false positives in the negative
controls down to a range where 75-80% of normal controls
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remain below the BFT, The specificity of the modified IPCR
method approaches 100% because positive samples were de-
fined only if above the {hreshold setting for the negative
controls, It is likely that these fechnical modifications may
compramise the sensitivity of the IPCR. However, detection
down to 1 molecule/mL of PrP*° in a biological specimen
may not be a prerequisite for diagnosis of pre-clinical prion
infection. Presently, based on the [PCR standard curve and
calculation by the regression equation, the limit of detec-
tion for scrapie infected hamster brain homogenate using the
modified IPCR protocol is 1 x 10* PrP3¢ molecules/mL., or
330 PrP%¢ molecules per reaction (because 33 pL is used in
the final PCR reaction). This number of PrPS® molecules is
equal to 19 fg/mL.

Our study sought to confirm, and is the first to demonstrate,
that ultra-low detection of PrPS¢ is possible with IPCR with-
out the use of large sample volumes, sample concentration
methods, or extensive sample processing. We have shown
that with modifications to the IPCR method, non-specific
background may be substantially reduced, if not completely
eliminated, and IPCR can be used as a highly sensitive and
specific method. However, further specificity studies must be
performed to verify a lack of interference from other causes.
A recent report describing the detection of PrPS¢ in BSE in-
fected bovine brain extract by IPCR has shown the potential
of [PCR to exceed the sensitivity of a corresponding ELISA
method (Gofflot et al., 2004). Although this report supports
the validity of JPCR as a test method for the detection of
pathologic prion protein, the sensitivity was only 10 times
that of their ELISA method, with a detection limit of only
750 pg/mL. In contrast, our modified IPCR method detected
100 ag/mL of recombinant hamster PrPC and 70-700 fg/mL
of scrapie infected hamster brain homogenate. This level of
detection is one million times more sensitive than our ELISA,
and 1000—1 0,000 times more sensitive than the method as de-
scribed by Gofflot et al. (2004} for prion detection. We note
that the IPCR procedure detailed by Gofilot et al. was not
substantially different from the original procedure described
by Sano et al. (1992). Our modifications to the IPCR method
(Provisional Patent Application # 60/546,204) most likely
contributed to the dramatic increase in the sensitivity of our
method over that used by Gofflot et al. (2004).

5. Conclusions

We have shown that PrP5¢ can be detected by real-time
IPCR in biclogical samples from PK-digested scrapie
infected brain homogenates at concentrations which are
100,000 to 1,000,000 fold lower than those detected by
Western blot and ELISA. We have also shown that our
modified [PCR method possesses the potential to eliminate
non-specific background in approximately 80% of assay
runs, thereby increasing the sensitivity of the method fo
detect fg/mL to ag/mL levels. Future studies are planned to
challenge our TPCR method to detect PrPS¢ in blood from

infected animals and humans. Although not standardized to
the level of performance required by a national certification
agency, we believe that with further standardization, IPCR
has the potential to be the most sensitive method for the de-
tection of PrPS¢, thereby offering the ability to further protect
the blood supply, monitor animals and commercial products,
and detect the presence of low levels of the pathogenic prion
protein in asymptomatic animals and humans.
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