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ABSTRACT

The dietary exposure of the human population to the prions responsible for the bovine spongiform encephalopathy (BSE)
epizooty has led to the emergence of variant Creutzfeldt-Jakob disease (vCJD). This fatal, untreatable neurodegenerative disor-
der is a growing public health concern because the prevalence of the infection seems much greater than the disease incidence and
because secondary transmission of vCJD by blood transfusion or use of blood products has occurred. A current limitation in
variant CJD risk assessment is the lack of quantitative information on the infectivity of contaminated tissues. To address this
limitation, we tested the potential of a transgenic mouse line overexpressing human prion protein (PrP), which was previously
reported to propagate vCJD prions. Endpoint titration of vCJD infectivity in different tissues was evaluated by two different
methods: (i) the “classical” bioassay, based on the appearance of clinical symptoms and the detection of pathological prion pro-
tein in tissues of the inoculated mouse, and (ii) a shortened bioassay based on the detection of the protein in the mouse spleen at
defined time points. The two methods proved equally sensitive in quantifying infectivity, even after very-low-dose inoculation of
infected material, but the time schedule was shortened from �2.5 years to �1 year with the spleen bioassay. Compared to the
“gold-standard” RIII model routinely used for endpoint titration of vCJD/BSE prions, either method improved the sensitivity by
>2 orders of magnitude and allowed reevaluating the infectious titer of spleen from a vCJD individual at disease end stage to
>1,000-fold-higher values.

IMPORTANCE

Here, we provide key reevaluation of the infectious titer of variant CJD brain and spleen tissues. The highly sensitive, accelerated
spleen-based assay should thus constitute a key advance for variant CJD epidemiological and risk assessment purposes and
should greatly facilitate future titration studies, including, for example, those aimed at validating decontamination procedures.
The overlooked notion that the lymphoid tissue exhibits a higher capacity than the brain to replicate prions even after low-dose
infection raises new questions about the molecular and/or cellular determinant(s) involved, a key issue regarding potent silent
carriers of variant CJD in the lymphoid tissue.

Variant Creutzfeldt-Jakob disease (vCJD) is a fatal human in-
fection originating from dietary exposure to bovine spongi-

form encephalopathy (BSE) prions. The number of definite cases
has remained relatively low since its recognition in 1996, with
fewer than 250 cases, mostly in the United Kingdom and France.
However, the estimated number of asymptomatic carriers may be
considerably higher (1), approaching, in the United Kingdom,
1/2,000 individuals born between 1941 and 1985, according to the
most recent survey based on the screening of fixed lymphoid tissue
libraries for the presence of disease-associated prion protein
(PrPSc) (2).

Prions are thought to be essentially composed of PrPSc multi-
mers. PrPSc is an abnormally folded conformer of the ubiquitously
expressed, host-encoded prion protein PrPC. Upon infection, in
certain tissues, PrPSc seeds would recruit and constrain PrPC

to adopt its own abnormal, �-sheet-enriched conformation,
through a so-called seeded-polymerization process (for a review,
see reference 3). At variance with sporadic or genetic forms of

CJD, vCJD PrPSc is readily detected in a number of lymphoid
tissues in addition to the central nervous system (4–7). However,
quantitative estimates of vCJD infectivity, which are critical to
assess the risks for secondary transmission, are very limited. In
addition, the quantitative relationships between infectivity and
the forms of PrPSc routinely detected by immunoblot methods are
uncertain and may differ among prion strain types (8, 9). Accu-
rately quantifying prion infectivity requires inoculating permis-
sive laboratory rodents with endpoint dilutions of the tissue ex-
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tract of interest and estimating the disease attack rate to establish a
50% infectious dose (ID50) (10). One such bioassay in conven-
tional RIII mice suggested that vCJD spleen contained a very low
titer, in apparent contradiction with the prominent accumulation
of PrPres in this tissue (7, 11) and the higher titers measured in
some other prion-infected species (12–14). Interindividual trans-
mission of vCJD has occurred through blood products from
asymptomatic donors (15–17), suggesting that substantial levels
of endogenous vCJD infectivity are present in blood at the preclin-
ical stage of disease. Recently, vCJD blood fractions from a vCJD-
confirmed patient were titrated in transgenic mice expressing bo-
vine PrP. On the basis of the incubation period compared to that
of a vCJD brain that was endpoint titrated, a low infectious titer
was found (18). The value was consistent with that found for
blood from several natural and experimental models of prion dis-
eases (19–21). Titrations with a larger panel of vCJD patient sam-
ples would be needed to refine the infectivity values at the clinical
stage of disease. Were a test-based, blood prevalence study to be
initiated to detect vCJD asymptomatic carriers (22), relevant sam-
ples could be investigated by bioassay to provide estimates of in-
fectivity levels at the preclinical stage.

There is significant concern that vCJD secondary transmission
could happen through contaminated surgical and medical instru-
ments. Prions are known to resist conventional inactivation meth-
ods, and accidental transmission has occurred during diagnostic
or surgical procedures (reviewed in reference 23). While new in-
activation strategies are constantly developed, their final effective-
ness at eliminating prion infectivity mostly relies on inactivation
of laboratory hamster prions instead of the human prions against
which they are intended to be used. However, levels of prion in-
activation efficacy differ greatly among the prion strain types and
BSE and vCJD (BSE/vCJD) prions appear to be much more resis-
tant than hamster prions (24). Thus, a standard bioassay to eval-
uate BSE/vCJD prion inactivation within reasonable time frames
is urgently needed.

Rapid detection of minute amounts of PrPSc is now possible
using cell-free assays such as protein misfolding cyclic amplifica-
tion (PMCA) or quaking-induced conversion (QUIC). The sensi-
tivity achieved allows detection of PrPSc present at low levels in
biological tissues or fluid samples, including blood, urine, feces, or
cerebrospinal fluid (for a review, see reference 25). These cell-free
assays may positively impact the development of diagnostic tests
but can also serve to determine whether a tissue contains any
prion seeding activity. However, given the current uncertainties in
the specificity of these techniques, it may be necessary to validate
the result obtained in terms of infectivity by a highly sensitive
bioassay.

Here, we have examined whether transgenic mice overexpress-
ing human PrP (Met129 allele) could be used to quantify vCJD
infectivity by endpoint titration by the following two different
methods: (i) “classically,” by counting the number of mice devel-
oping clinical symptoms and accumulating PrPSc, and (ii) using
shorter durations and defined time points to count the number of
mice accumulating detectable levels of PrPSc in their spleens. The
two methods proved equally sensitive in detecting infectivity, even
after very-low-dose inoculation of infected material, but the time
schedule was shortened from �2.5 year to �1 year with the spleen
bioassay. Both methods proved �100-fold more sensitive than a
RIII bioassay performed in parallel. Finally, using the spleen
method, we reevaluated the infectious levels of vCJD-infected

spleen and found values that were 1,000 times higher than those
previous estimated (26).

MATERIALS AND METHODS
Ethics statement. All animal experiments were approved by the Local
Ethics Committee of the institutions of the authors (Comethea; permit
number 12/034). Human tissue samples were selected from the tissue
bank of the French National Neuropathology Network for CJD on the basis of
the availability of autopsy-retained frozen brain material and informed con-
sent from the relatives of patients for autopsy and research use, according to
French regulations (L.1232-1 to L.1232-3, Code Santé Publique).

Mouse lines. The human PrP tg650 line has been described previously
(27). This line is homozygous with about 6-fold overexpression of human
PrPC (Met129 allele) in brain. The RIII mouse line was kindly provided by
P. Sarradin (INRA, Tours, France).

Prion-infected samples. Pools of brain tissue from terminally sick
tg650 mice (second passage from vCJD 4 as reported in reference 27) and
frontal cortex or spleen extracts (approximately 3 g) from a vCJD clinical
case (referred to as vCJD 2 in reference 27) were used as vCJD sources. The
French BSE sample (Fr3 [28]) was kindly provided by O. Andréoletti
(INRA, Toulouse, France), and the equivalent of 2 mg of cattle brain was
injected intracerebrally into RIII mice to confirm the susceptibility of our
mouse colony. The resulting mean incubation time (Table 1) was consis-
tent with previous reports (29, 30).

Animal bioassay. A strict protocol based on the use of disposable
equipment and preparation of all inocula in a class II microbiological
cabinet was followed to avoid any cross-contamination. Starting from
10% (wt/vol) brain homogenate (10�1 dilution), serial 10-fold dilutions
of brain or spleen homogenates were prepared in 5% (wt/vol) glucose
solution containing 5% (wt/vol) bovine serum albumin. Twenty microli-
ters of each dilution (unless specified) was immediately inoculated into
individually identified 6-to-8-week-old tg650 or RIII recipients by the
intracerebral (IC) route. For the survival time bioassay, animals were su-
pervised daily for the appearance of neurological signs associated with the
development of a prion disease. Animals at the terminal stage of disease or
at the end of life were euthanized. The brains and spleens of all animals
(including those dying from intercurrent disease, when available) were
analyzed for proteinase K-resistant PrPSc (PrPres) content using a Bio-Rad
TsSeE detection kit before immunoblotting was performed as previously
described (9, 31). For the spleen-based bioassay, tg650 mice were eutha-
nized while still asymptomatic at defined time points, as indicated.
Spleens and sometimes brains were removed and analyzed for PrPres con-

TABLE 1 Survival time of RIII mice and human-PrP-transgenic (tg650)
mice inoculated with serial 10-fold dilutions of human vCJD brain,
healthy brain, and BSE brain tissue

Inoculum Dilution

Mean no. of days of survival time �
SEM (n/n0)a

tg650 RIII

vCJD 10�3 NDb 568 � 31 (6/6)
10�4 ND 438c; 482 (2/7)
10�5 802 � 35 (6/6) 609–975 (0/7)
10�6 834 � 51 (5/9) 543–975 (0/7)
10�7 651c (1/9) 538–975 (0/7)
10�8 687–1062 (0/8) ND

Healthy brain 10�1 623–1098 (0/9) 422–945 (0/7)
BSE (Fr3) 10�1 753 � 60 (3/5) 413 � 8 (9/9)
a n/n0, number of diseased or PrPres-positive mice/number of inoculated mice. For
mice with negative results, only the range of survival time is given. Data in italics are
from references 28 and 52.
b ND, not done.
c Mouse with detectable levels of PrPres in spleen but not brain.

Spleen Bioassay for Titration of Variant CJD Prions
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tent (cf. infra). For both methods, the number of positive mice was used to
establish, by the Spearman-Karber method, the number of prion infec-
tious units per gram of tissue leading to median mouse infection (ID50 per
gram).

Detection of PrPres in the spleen bioassay. Spleens were homoge-
nized at 20% (wt/vol) in 5% (wt/vol) sterile glucose solution by use of a
tissue homogenizer (Precellys 24 Ribolyzer; Bertin Technologies, France).
PrPres was extracted from 200 �l of spleen homogenate by using a scrapie-
associated fibril (SAF) protocol, as previously described (32). Proteinase K
was used at 30 �g/ml. A 10-to-40-mg equivalent of tissue was migrated on
12% Bis-Tris NuPage gels (Invitrogen, France) and electrotransferred
onto nitrocellulose membranes. Those were probed for PrP with 0.1
mg/ml biotinylated anti-PrP monoclonal antibody Sha31 as previously
described (9, 31). Immunoreactivity was visualized by chemilumines-
cence (GE Healthcare). The amount of PrPres was determined by the use
of GeneTools software after acquisition of chemiluminescent signals with
a GeneGnome digital imager (Syngene, Frederick, MD) and was com-
pared to that present in endpoint dilutions of vCJD-infected tg650 brain
samples which were subjected to the same purification and immunoblot-
ting protocol.

RESULTS
Titrating tg650-passaged vCJD prions by the survival time bio-
assay. The vCJD material that was endpoint titrated consisted of
two serial passages of vCJD in tg650 human-PrP-transgenic mice
(27). The most relevant physiopathological hallmarks of vCJD
(33), notably, the presence of numerous florid plaques in the
brain, the prominent colonization of the lymphoid tissue, and the
PrPres electrophoretic signature (27), were conserved in these
mice. To determine the dose-response relationship, groups of 6 to
10 tg650 mice were injected intracerebrally with serial 10-fold di-
lutions of brain homogenate, as classically done (10). The mice
were followed clinically until prion disease development, if any.
The time intervals from inoculation to the terminal stage of dis-
ease were measured for each dilution. Brain and spleen of mice
euthanized at the terminal stage of disease or at the end of life were
collected and analyzed for PrPres content to confirm infection or
disease. The results are summarized in Fig. 1A. At the 1/10 dilu-
tion, all the inoculated mice were diseased in �500 days (mean
incubation time, 497 � 18 days) and accumulated evidence of
vCJD-like PrPres brain and spleen (Fig. 1C). This incubation time
was comparable to that observed at the first and second passages
(27), consistent with the absence of a transmission barrier for
vCJD prions in tg650 mice. The mean survival times were pro-
longed with dilutions. Based on clinical signs and the presence of
PrPres in brain and spleen, disease was seen with a 100% attack rate
until the 10�5 dilution. At that dilution, the mean incubation time
to disease approached 700 � 30 days (range, 570 to 838 days). At
higher dilutions, it was difficult to distinguish between clinical
disease and the end of life. However, PrPres was detected in the
brain and spleen of 2 of 10 mice at the 10�6 dilution and at the
10�7 dilution (last dilution injected) between 900 and 1,000 days
postinoculation (Fig. 1A and C). Applying the Spearman-Karber
method to data corresponding to the number of animals positive
at each dilution provided a provisional infectious titer � 108.8

intracerebral tg650 mouse ID50 U/g brain (ID50 IC in tg650/g).
During this titration, some mice inoculated at the highest di-

lutions had to be euthanized for intercurrent disease and were not
included in the titer quantification. The routine analysis of their
tissues revealed detectable levels of PrPres in the spleen but not in
the brain, from �200 days onward (Fig. 1B and C). This led us to
reason that an endpoint titration based on a time course analysis

of PrPres accumulation in the spleen could be as sensitive as sur-
vival time-based titration and might require less time to complete
than the �2.5 years necessary to achieve a result by the latter
method.

Titrating tg650-passaged vCJD prions by the spleen-based
bioassay. Reporter tg650 mice were inoculated intracerebrally
with 10-fold dilution series of vCJD-infected tg650 brain (up to
10�11 dilution). Every �60 days, up to 500 days postinfection,
three mice were euthanized and their spleens analyzed for PrPres

content using a scrapie-associated fibril (SAF) protocol followed
by a concentration step using acetone precipitation (32). This
technique did not provide higher sensitivity than a Bio-Rad TsSeE
kit routinely used to purify PrPres (see Materials and Methods),
but it allowed proper migration on SDS-PAGE gels of up to 20-

FIG 1 Endpoint titration of vCJD prions by the survival time bioassay in
human-PrP-transgenic mice. (A and B) Individual survival time of human PrP
transgenic (tg650) mice intracerebrally inoculated with serial 10-fold dilutions
of brain homogenate from vCJD-infected tg650 mice. (A) All the mice in-
cluded accumulated detectable levels of PrPres in their brain and spleen. They
exhibited clinical signs of prion disease up to the 10�5 dilution. (B) Mice with
intercurrent disease, which were not included in the titration but showed
detectable levels of PrPres in their spleens but not in their brain. (C) PrPres

immunoblot analysis of the brain (Br) and spleen (Sp) of tg650 mice upon
inoculation with dilutions of vCJD-infected tg650 brain material. Analysis was
performed at different time points postinoculation (p.i.), as indicated. The
equivalent of 2 mg of tg650 spleen tissue was loaded for the SDS-PAGE anal-
ysis. For the brain, equivalents of 60 �g and 10 mg tissue were used when PrPres

results were positive and negative, respectively. MM, molecular mass markers.
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fold-larger amounts of spleen tissue equivalent and, in short, reli-
able detection of PrPres, even after low-dose inoculation (data not
shown) (Fig. 2) (32). In other words, a half spleen could be im-
munoblotted for PrPres content, when necessary. To quantify and
compare the signals obtained at the different time points, PrPres

signal intensity was compared with that of serial dilutions of vCJD
brain homogenates in experiments performed in parallel using the
same PrPres purification process. The results obtained are summa-
rized in Fig. 2. At 60 days postinoculation, PrPres was detected in
all the spleens of mice inoculated up to the 10�3 dilution and in 1
of 3 mice inoculated with the 10�4 dilution. At 180 days postin-
oculation, PrPres was detected in all the analyzed spleens up to the
10�6 dilution. From 245 days postinfection onward, a major pro-
portion (15/18) of spleens from mice inoculated with the 10�7

dilution were PrPres positive. The highest dilution able to induce
PrPres accumulation in the spleen was 10�8. Remarkably, this was

detected at approximately a year postinoculation, in all three
spleens analyzed. In other words, infection still established in the
spleen a year after inoculation of 200 pg brain tissue equivalent. At
that stage, PrPres levels were nearly at maximum, i.e., equivalent to
those observed after inoculation of lower dilutions (Fig. 2). In
comparison, the brains were still negative at the 10�8 or 10�7

dilution (Fig. 2B and data not shown). PrPres was not detected in
the spleen below the 10�8 dilution threshold at up to 500 days
postinoculation. Applying the Spearman-Karber method to the
proportion of animals positive at each dilution provided a provi-
sional infectious titer of �1010.2 ID50 IC in tg650/g.

Together, these data indicated that a spleen PrPres-based end-
point titration assay was �10-fold more sensitive than the end-
point titration bioassay and required only 1 year to be completed.

Comparing the sensitivities of RIII and human-PrP-trans-
genic mice for titration of vCJD prions. The infectious titer of

FIG 2 Endpoint titration of vCJD prions by the spleen-based bioassay in human-PrP-transgenic mice. (A) Time course of PrPres accumulation in the
spleen tissue of human-PrP-transgenic mice (tg650 line) inoculated with serial 10-fold dilutions of tg650-passaged vCJD brain. PrPres extracted from each
individual spleen was detected by immunoblot analysis. For quantification, the levels were compared to those found in serially diluted vCJD tg650 mouse
brains at the terminal stage of disease and are thus expressed as micrograms of brain equivalent. The black dots represent PrPres levels in each spleen and
the black bars the mean levels for each time point analyzed. The positive threshold is indicated by the horizontal dotted line. (B) Immunoblots showing
PrPres accumulation in the spleens and brains of tg650 mice inoculated with serial dilutions of tg650 vCJD prions and analyzed at 180, 245, and 362 days
postinoculation (dpi). Digital acquisition was performed for 55, 30, and 5 min, respectively. The equivalent of 20 mg of tg650 spleen tissue was loaded on
the SDS-PAGE gel up to the 10�5 dilution at 180 dpi and at the 10�6 dilution at 245 dpi. Otherwise, the equivalent of 40 mg of tissue equivalent was loaded.
MM, molecular mass markers.
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vCJD prions in tg650 mice appeared to be between 103 and 105

times greater than that established in a RIII mouse bioassay per-
formed with human vCJD brain (26). We therefore compared the
relative sensitivities of the RIII and tg650 mouse models upon
intracerebral inoculation of one vCJD brain source, first by using
the same method, the survival time bioassay (partial endpoint
titration; Table 1). In RIII mice, clinical disease and brain and
spleen PrPres were detected in 6 of 6 mice inoculated at the 10�3

dilution and in 1 of 7 mice inoculated with the 10�4 dilution. At
that dilution, another mouse that died of intercurrent disease at
438 days was PrPres positive in the spleen but not in the brain and
was thus considered PrPres positive. Mice inoculated with the 10�5

to 10�7 dilutions were all PrPres negative in their brain and spleen
tissues. The limiting dilution found here (10�4) thereby con-
firmed earlier observations (26). In marked contrast, disease was
seen in tg650 mice with a 100% attack rate at the 10�5 dilution. At
the 10�6 dilution, 4 of 9 mice were PrPres positive in brain and
spleen (834 � 51 days). At the 10�7 dilution, all the mice were
clinically negative and no PrPres was detectable in the brain. How-

ever, one mouse euthanized at 651 days postinoculation has de-
tectable levels of PrPres in the spleen. At higher dilutions, results
for all of the mice remained negative.

To estimate the limiting dilution with the spleen-based tg650
assay, mice inoculated with serial 10-fold dilutions of vCJD brain
material (starting dilution, 10�3) were euthanized at 120, 240, and
360 days postinoculation and their spleens analyzed for PrPres

content (Fig. 3A and C). At 120 and 240 days postinoculation,
PrPres was detected in all the spleens of mice inoculated with the
10�4 dilution. A total of 2/3 and 3/3 mice inoculated with the 10�5

dilution were PrPres positive at 240 days and 360 days, respectively.
At the 10�6 dilution, 3 of 12 mice were PrPres positive at 240 days
postinoculation and 0/12 at 360 days. At that stage, the 12 mice
inoculated with the 10�7 dilution were all PrPres negative. The
dilution limit of the vCJD brain extract tested was thus established
at the 10�6 dilution, a value comparable to that obtained with the
survival time bioassay, obtained in only 240 days.

Applying the Spearman-Karber method to the proportion of
animals testing positive at each dilution provided a provisional

FIG 3 Titration of human brain and spleen tissues from a vCJD case by use of the spleen-based bioassay. (A and B) PrPres accumulation in the spleens of
human-PrP-transgenic mice (tg650 line) inoculated with serial 10-fold dilutions of brain (A) and spleen (B) tissue extract from the same vCJD individual
at the terminal stage of disease. The analysis was performed at the time indicated. PrPres extracted from each individual tg650 spleen was detected by
immunoblot analysis. For quantification, the levels were compared to those found in serially diluted vCJD tg650 mouse brains at the terminal stage of
disease and are thus expressed as micrograms of brain equivalent. The black dots represent PrPres levels in each spleen and the black bars the mean levels
for each time point analyzed. (C) PrPres immunoblot analyses of tg650 mouse spleens at 240 and 360 days postinoculation (dpi) with vCJD brain or spleen
material diluted 105-fold or 106-fold, as indicated. The equivalent of 15 mg of tg650 spleen tissue was loaded on the SDS-PAGE gel. Digital acquisition was
performed for 55 min.
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infectious titer of �106.4 ID50 IC in RIII/g and 108.1– 8.77 ID50 IC in
tg650/g (spleen-based bioassay and survival time bioassay, respec-
tively). Collectively, these data indicate that the same human
vCJD brain extract contained �100-fold-more detectable infec-
tivity in tg650 than in RIII mice.

Reevaluating the amount of vCJD infectivity in human
spleen. Having found that the tg650 mouse model was much
more sensitive than the RIII mouse bioassay, we next examined,
by using the tg650 spleen-based bioassay, whether the very low
infectious titer of vCJD prions in human spleen found with RIII
mice (26) truly reflected the infectivity of this tissue. Tg650 mice
were inoculated with serial dilutions of the spleen extract from the
same vCJD individual whose brain was titrated (starting dilution,
10�3 [12 to 18 mice at a high dilution to increase the sensitivity]).
The mice were euthanized at 360 days postinfection and ana-
lyzed for PrPres content in their spleen (Fig. 3B and C). At the
10�3 dilution, PrPres was detected in the spleens of 6 of 6 ani-
mals. At the 10�4 dilution, PrPres was detected in the spleens of
14 of 18 animals. At the 10�5 dilution, 3 of 15 mice analyzed
were PrPres positive. At the 10�6 dilution, all the spleens ana-
lyzed were PrPres negative. The proportion of individuals test-
ing positive allowed establishing an infectious titer of �106.1

ID50 IC in tg650/g in human vCJD spleen compared to 102.7

ID50 IC in RIII/g (26).

DISCUSSION

Using the spleen of “humanized” transgenic animals, we report
here on the detection of vCJD infectivity with sensitivity similar to
that of the survival time-based bioassay but within a markedly
reduced time scale and independently of any clinical outcome.
Functionally, instead of counting the number of mice developing
a prion disease upon inoculation of endpoint dilutions of vCJD-
infected material, we counted, at predetermined, shorter time du-
rations, the number of spleens that scored positive for prion in-
fection by detection of PrPres. The two methods proved equivalent
in terms of detection limit and in providing an ID50. Accurately
determining an ID50 by the survival time method with “slow”
prion agents such as vCJD is difficult when incubation times are
prolonged, as disease appearance and senescence can be con-
founded. Compared with the �2.5 years required for comple-
tion of the survival time bioassay, a full titration can be

achieved within a year with the so-called spleen bioassay. Pro-
longing the incubation of the mice beyond this period may not
provide a gain of sensitivity, as PrPres accumulation in spleen,
even at the highest vCJD dilutions, could be maximal. Addi-
tionally, spleens of mice over 1.5 years of age may show im-
paired capacities to replicate prions, due to declines in the
functions of follicular dendritic cells where PrPSc accumulate
or alteration in the microarchitecture of the germinal center
where these cells are located (34, 35).

The spleen-to-brain PrPC expression level ratios of the tg650
and conventional C57BL/6 mouse lines appear to be similar (28),
thus excluding the possibility of aberrant quantitative expression
of the human PrP transgene in tg650 mouse spleen that would
explain the faster accumulation of PrPres in the spleen than in the
brain during the disease incubation. Preliminary data indicate
that titration of lymphocompetent ovine prions (natural sources
or adapted to ovine-PrP-transgenic mice) can be made in the
spleen of ovine-PrP-overexpressing mice (tg338 line; [31]) with
higher sensitivity than in brain (Fig. 4 and data not shown). Thus,
the observations made are not restricted to human PrP, vCJD
prions, and the tg650 line. The capacity of the spleen to replicate
prions with high sensitivity may have been overlooked in the con-
text of the neurodegenerative nature of prion diseases, and the
concept may even seem counterintuitive, as the most infectious
tissue remains the brain at the terminal stage of disease (29, 36–
38), as confirmed here with human-variant CJD. What could con-
tribute to such capacity? The spleen is exposed to incoming prions
as early as the brain, due to the spillover at the time of intracerebral
inoculation, which provokes a rapid intravenous transport of an
appreciable part of the inoculum to the spleen (32, 39). Besides,
the greater celerity of the spleen versus brain in replicating certain
prion strains has been known for some time (40, 41). The spleen
“response time” (with regard to PrP detection) remained much
faster than that of the brain at the dilution limit (240 versus �900
days), suggesting an efficient addressing and/or retention of the
low-dose inoculum, allowing PrPC conversion. We previously re-
ported that the prion species barrier was more readily crossed in
the spleen than in the brain (28). Intrinsically, there might be, in
the lymphoid tissue, a better conformational compatibility be-
tween the invading prion— be it homologous or not—and the
cellular prion protein or a favored environment for prion conver-

FIG 4 PrPres detection in the brain and spleen of ovine PrP transgenic mice inoculated with endpoint dilutions of sheep scrapie prions. Data represent PrPres

detection in spleen (Sp; circles) and brain (Br; squares) of ovine PrP transgenic mice (tg338 line) euthanized at disease end stage (�160 days) or healthy after
intracerebral inoculation of LA21K sheep scrapie prions (full titration in reference 9). Empty symbols indicate PrPres-negative tissue.
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sion. Collectively, these data clearly indicate that vCJD prions
could efficiently colonize “humanized” lymphoid tissue, even af-
ter very-low-dose infection. This has implications for public
health risk assessment, with regard to the real prevalence of sub-
clinically infected vCJD individuals (2).

In the past, numerous bioassays aimed at titrating the infectiv-
ity of tissues from animals infected with BSE/vCJD prions have
been performed with inbred RIII mice (26, 42). After inoculation
with these agents, RIII mice developed the disease faster and at a
higher attack rate than other, conventional mice. For cattle BSE,
the dose necessary to kill RIII mice appeared to be 1,000- and
10,000-fold higher than for cows (43) and transgenic mice ex-
pressing bovine PrP (29), respectively. Very recently, bovine PrP
mice were also shown to be highly susceptible to vCJD brain pri-
ons (18). Here, following inoculation with a human vCJD brain
extract, tg650 mice revealed a sensitivity similar to and �100-fold
greater than the sensitivities of bovine-PrP and RIII mice, respec-
tively. The reevaluated infectious titer found (�108 ID50 IC in
tg650/g of brain) is within the range seen in the brain of other
prion-infected species (8–10, 44), including the most frequent
sporadic form of CJD in human (27). A species barrier could exist
between RIII mice and cattle or human BSE prions, which would
limit their susceptibility at a low infectious dose and which would
be abrogated by transgenic expression of bovine or human PrPC.
Several lines of evidence indicate that the species barrier to the
transmission of prions is essentially determined by the strain of
prion and the PrP primary sequence identity between the invading
prion and the recipient species (for a review, see reference 45).
Alternatively, there might be no species barrier between vCJD/
BSE prions and RIII mice but human- and bovine-PrP-transgenic
mice would gain sensitivity due to PrP overexpression. Unfortu-
nately, only a partial titration of BSE prions was done in transgenic
mice overexpressing mouse PrP approximately 10-fold (tga20
mice) in comparison with RIII mice (29). At a dilution where 50%
of the RIII mice were affected, 100% of the Tga20 mice developed
disease. In contrast, sheep and transgenic mice overexpressing
ovine PrP provided similar estimates of sheep prion infectious
titers (46). Thus, whether PrP overexpression impacts the suscep-
tibility to infection and the determination of the infectious titer
remains uncertain. In practical terms, RIII-based bioassays are
likely to underestimate the amount of BSE/vCJD prion infectivity
present in the assayed tissue. This is patently clear with tissues
exhibiting a smaller amount of infectivity than the central nervous
system. vCJD spleen extract was previously shown to infect ap-
proximately 50% of the RIII mice at the highest concentration
(26), suggesting traces of infectivity in this tissue. Here we showed
that inoculation of 10,000-fold-diluted spleen material was suffi-
cient to initiate vCJD prion replication in tg650 mouse spleen,
providing an infectious titer � 106 ID50 IC in tg650/g. This mea-
surement needs to be extended to a larger panel of samples.
However, the relative levels compared to the brain of the same
individual are consistent with those observed in other natural or
experimental prion-infected species (12–14). That spleen would
exhibit such high levels of infectivity throughout a long life makes
this tissue a reservoir that could constantly spill infectivity to
blood.

Although full endpoint titration of vCJD prions can be com-
pleted within a year, the spleen-based bioassay is obviously too
slow to help in diagnosing vCJD. However, the level of sensitivity
achieved would be compatible with detection of prionemia (18),

at variance with RIII mice (26). Such an assay could complement
cell-free (47–50) or standard (7) biochemical assays, when prov-
ing or confirming the presence of bona fide infectivity becomes an
issue, due, for example, to inconsistencies among the biochemical
tests and/or tissue resampling (51) or to the use of fixation treat-
ments known to alter prion infectivity (11). This will be key to
ensuring the accuracy of vCJD prevalence estimates in the United
Kingdom (2).
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