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ABSTRACT Early studies in transgenic mouse lines have shown that the coexpres-
sion of endogenous murine prion protein (PrP<) and transgenic PrP¢ from another
species either inhibits or allows the propagation of prions, depending on the infect-
ing prion strain and interacting protein species. The way whereby this phenomenon,
so-called “interference,” is modulated remains to be determined. In this study, differ-
ent transgenic mouse lines were crossbred to produce mice coexpressing bovine
and porcine PrP<, bovine and murine PrPS, or murine and porcine PrPC. These ani-
mals and their respective hemizygous controls were inoculated with several prion
strains from different sources (cattle, mice, and pigs) to examine the effects of the si-
multaneous presence of PrP¢ from two different species. Our results indicate interfer-
ence with the infection process, manifested as extended survival times and reduced
attack rates. The interference with the infectious process was reduced or absent
when the potentiality interfering PrP¢ species was efficiently converted by the inocu-
lated agent. However, the propagation of the endogenous murine PrP>¢ was favored,
allowing us to speculate that host-specific factors may disturb the interference
caused by the coexpression of an exogenous second PrP¢,

IMPORTANCE Prion propagation can be interfered with by the expression of a second
prion protein in the host. In the present study, we investigated prion propagation in
a host expressing two different prion protein genes. Our findings indicate that the
ability of the second prion protein to interfere with prion propagation is related to
the transmissibility of the prion in the host expressing only the interfering prion
protein. The interference detected occurs in a prion strain-dependent manner.
Interestingly, a bias favoring the propagation of the murine PrP allele has been
observed. These results open the door to future studies in order to determine the
role of host factors other than the PrP amino acid sequence in the interference in
prion propagation.

KEYWORDS BSE, prion interference, prion propagation, prion replication, prion strain,
scrapie

ransmissible spongiform encephalopathies (TSEs) are fatal neurodegenerative dis-
eases that affect humans and animals. TSEs are also called prion diseases because
the causal agents are infectious particles essentially composed of a misfolded isoform
(PrP>¢) of the cellular prion protein (PrP¢) (1, 2). PrP5¢ is propagated via a template-
assisted process involving physical interaction between the PrP5c template and the
PrP¢ substrate rendering a structurally modified PrPsc with a higher B-sheet content,
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which is prone to aggregation (3). PrP>¢ was originally defined according to its relative
protease resistance and detergent insolubility compared with normal PrP¢ (4, 5).
However, disease-related forms of PrPsc that are protease sensitive have been
described (6, 7). Distinct prion strains have been described. These strains are not
encoded by differences in the PrP primary structure but show distinct disease pheno-
types when transmitted to the same host, such as PrP>c biochemical features, distribu-
tions of prion deposits, clinical symptoms, and survival times (8).

PrP¢ conversion into PrP>¢ is a posttranslational process. The molecular mechanisms
underlying transmission of the strain-specific features of PrP>c are still unclear. It has
been demonstrated that although originating from the same host, the PrP> molecules
of different prion strains vary in conformation and/or composition (9). Understanding
PrPC-PrP5c interaction is a key step to elucidate the molecular mechanisms of prion
propagation. Differences in the primary PrP>¢ amino acid sequence may alter the ability
of a specific PrP¢ to be efficiently converted into PrP%c. Hence, a heterologous PrP¢ may
be conversion incompetent and thus could interfere with the conversion of a coexist-
ing homologous—conversion-competent—PrPC. It has been proposed that interac-
tions between dissimilar PrP¢ and PrP>c molecules could slow down the aggregation
and deposition of PrP>< by impairing interactions between homologous PrP monomers
(10). This phenomenon is known as transdominant inhibition (11). Moreover, in a TSE-
affected brain, different prion conformers may coexist and undergo competitive selec-
tion during replication, where the faster replication subset of conformers may be pro-
gressively selected (12).

Bovine spongiform encephalopathy (BSE), a TSE that affects cattle, was first
reported in 1980 in the United Kingdom but soon attained epidemic proportions in
several other European countries (13). The experimental finding that variant
Creutzfeldt-Jacob disease (vCJD) diagnosed in humans was caused by BSE prions led
to a major human and animal health crisis (14-16). The BSE agent has demonstrated a
particularly good capacity to cross species barriers. Thus, besides humans, BSE has
been transmitted to a range of zoo animals, cats (17-19), and goats (20, 21), while pre-
serving its strain-specific signature (22, 23). Moreover, two more BSE strains have been
described. These strains, called L-type BSE (24) and H-type BSE (25) due to their respec-
tive low and high electrophoretic mobilities compared to epidemic BSE, are also
known as atypical BSE agents. Similarly, several scrapie strains have been identified
(26-29). Different prion strains present different levels of transmissibility to another
species. Therefore, in prion transmission between different species, both the strain and
the PrP sequence of the recipient host are primary determinants of the species barrier
(also called strain barrier) (30). However, while PrP is the major determinant for prion
propagation, additional species-specific factors may have an influence on the prion
propagated in a host-dependent manner (31, 32).

Transgenic mice expressing the PrP¢ of different species are good experimental
models of prion transmission (33, 34). Early experiments in one transgenic mouse line
expressing both endogenous murine PrP¢ and genetically engineered hamster PrP¢
(35) revealed that the inoculation of these mice with hamster-adapted scrapie pro-
duced a prion infection characteristic of hamsters. This was the first evidence of the
pivotal role of the PrP¢ species in the prion infectious event. Nevertheless, the expres-
sion of endogenous murine PrP¢ in the hamster transgenic mice allowed the propaga-
tion of mouse or hamster prions, suggesting the compatibility of both mouse and
hamster PrP sequences in the replication of the infectious agent. Although the trans-
genic mice were able to produce both hamster and mouse prions, they were found to
selectively produce one or the other, depending on the inoculum used (36). Prion
infection studies are generally performed using transgenic mice that express the PrP¢
of a particular species in a context of murine PrP knockout (KO). In fact, early studies in
transgenic mice overexpressing human PrP¢ showed that these mice were only effi-
ciently infected with the sporadic form of Creutzfeldt-Jacob disease in the absence of
murine PrP¢ expression (37).
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TABLE 1 Description of the mice used in the study

mBio’

Expression Abbreviation
Genotype PrP€ expressed level® used in text Description
muPrnp ™t/ Murine 10x TgMo Tga20 mouse line (47)
muPrnp*/* Murine 1x C57BL/6 Conventional mouse
boPrnp™/* Bovine 8x TgBo BoPrP-Tg110 mouse line (46)
poPrnp™/* Porcine 4x TgPo PoPrP-Tg001 mouse line (38)
KOPrnp~"~ Murine 0 Prnp~/~ PrP knockout (Prnp~/~) (50)
muPrnp*/~ Murine 5% TgMo/— Progeny Tga20 (muPrnp*/*) x PrP knockout (Prnp="'")
boPrnp*/~ Bovine 4x TgBo/— Progeny BoPrP-Tg110 (boPrnp*/*) x PrP knockout (Prnp="'")
poPrnp™/~ Porcine 2% TgPo/— Progeny PoPrP-Tg001 (poPrnp*/*) x PrP knockout (Prnp~/'~)
muPrnp*/~ Murine 0.5% C57BL/6/— Progeny C57BL/6 x PrP knockout (Prnp~'")
muPrnp*’~, boPrnp™*/~ Murine and bovine C57BL/6/TgBo Progeny C57BL/6 x BoPrP-Tg110
muPrnp*/~, boPrnp*/~ Murine and bovine TgMo/TgBo Progeny TgMo x BoPrP-Tg110
poPrnp™/~, boPrnp™/~ Porcine and bovine TgPo/TgBo Progeny PoPrP-Tg001 x BoPrP-Tg110
muPrnp*’~, poPrnp*/~ Murine and porcine TgMo/TgPo Progeny TgMo x PoPrP-Tg001

aRelative to the PrPC expression level in the indicated species.

The present study was designed to further explore the effects of the simultaneous
presence of PrP¢ from two different species on prion replication. To this aim, a collec-
tion of transgenic mice expressing different combinations of bovine, porcine, and mu-
rine PrP¢ were inoculated with prions from different sources. In these combinations,
the inoculated PrP>¢ was either identical to one of the expressed PrP¢ proteins in the
mouse or not. Furthermore, the influence of host-specific factors on prion propagation
in the presence of PrP¢ of two different species was evaluated, as only murine PrP¢ is in
its natural host (the mouse), while either bovine or porcine PrP¢ is not.

RESULTS

To examine the effect of the simultaneous presence of PrP¢ from two different spe-
cies on prion replication, we produced transgenic mice expressing different pairs of
PrPC: (i) murine and bovine PrP¢ (TgMo/TgBo mice), (ii) murine and porcine PrP¢
(TgMo/TgPo mice), and (iii) bovine and porcine PrP¢ (TgPo/TgBo mice). Transgenic
mouse lines PoPrP-Tg001, BoPrP-Tg110 and Tga20 were used to generate the animals
coexpressing two different PrP¢ proteins (Table 1). The brain PrP¢ expression levels are
similar for the BoPrP-Tg110 and Tga20 mouse lines but lower in the case of PoPrP-
Tg001 mouse line (see Fig. S1 in the supplemental material). The newly generated het-
erozygous mice and their hemizygous controls (TgMo/—, TgBo/—, and TgPo/—) were
selectively inoculated with cattle, mouse, sheep, or pig BSE, and disease transmissibility
in each PrP¢ context was determined. In addition to BSE, L-type BSE and sheep scrapie
inocula were used to examine whether the results obtained with the BSE strain could
be extended to other TSE agents. Brains of uninoculated C57BL/6 mice were used as
negative inoculation controls in both the first and second passages. Neither shortening
of the survival time of the different mouse lines used in this work (over 700 days) nor
brain protease-resistant PrP (PrPres) positivity was observed after inoculation with the
mentioned negative controls.

Two different questions have been addressed: (i) how the presence of a heterol-
ogous PrP¢ species affects prion propagation of the homologous PrP¢ with the same
amino acid sequence than the inoculated PrP>¢ and (ii) how the coexpression of two
different PrP¢ species affects the propagation of a PrP>¢ from a third species. To quan-
tify the effect of the interference, we have incorporated a single parameter, the inter-
ference score (IS), as a measure of the interference with PrP5¢ propagation by the pres-
ence of an interfering PrP (see Materials and Methods).

Prion propagation in the presence of a heterologous PrP¢ species. (i) BSE agent
propagation in a murine and bovine PrP¢-coexpressing host. In this case, animals
expressing murine PrP¢ in addition to bovine PrP¢ were generated and compared with
those expressing either murine nor bovine PrPC. It should be highlighted that in
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FIG 1 Transmission of mouse BSE (A), cattle BSE (B), or cattle BSE-L (C) after intracerebral inoculation
in TgMo/—, TgBo/—, and TgMo/TgBo mice. The mean survival time in days postinoculation =
standard deviation (SD) is shown. n/n,, number of diseased PrP™-positive animals/inoculated animals.
IS, interference score of the interfering PrP. PrP*¢ species are depicted as hexagons for classical BSE or
ellipses for atypical BSE-L.

animals coexpressing murine and bovine PrP¢, while murine PrP¢ is in the context of its
natural host (the mouse), bovine PrP¢ is not.

When mouse BSE was used as the inoculum, the survival times of the inoculated
mice expressing murine PrP¢ (TgMo/—) or both murine and bovine PrP¢ (TgMo/TgBo)
were not significantly different (P = 0.5222 [Fig. TA]), indicating no effects on the
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replication of mouse BSE when bovine PrP¢ is coexpressed. When cattle BSE was inocu-
lated (Fig. 1B), heterozygous TgMo/TgBo mice showed no significant differences in sur-
vival times compared to animals expressing only murine PrP¢ (P = 0.7127). However, a
slightly longer survival time (P = 0.0002) was observed in these TgMo/TgBo mice com-
pared to those observed in mice expressing only bovine PrP¢ (TgBo/—). This difference
seems to be lower than expected—probably due to the small variation in survival
times between hemizygous TgBo/— and TgMo/— mice when inoculated with cattle
BSE. This slight difference (IS=1.2) suggests that the mouse allele only weakly inter-
feres with conversion of the bovine allele. However, an alternative interpretation is
also possible as TgMo/TgBo mice could succumb from conversion of mouse PrP, thus,
reflecting the efficiency of conversion of murine PrP but not of bovine PrP.

Strikingly, whatever the PrP>¢ present in the inoculum (mouse or cattle), survival
times in heterozygous TgMo/TgBo mice were similar to those observed in hemizygous
TgMo/— mice.

In order to assess the impact of coexpression of murine and bovine PrP¢ on the
PrPsc propagation process, immunoblotting using two antibodies that specifically
probe the murine (SAF83) or the bovine (12F10) PrP were used to estimate the levels
of brain PrPres accumulation in the inoculated mice. Whatever the origin of the BSE
inoculum (mouse or cattle), the SAF83 PrPrs signals observed in clinically affected
TgMo/— and TgMo/TgBo mice were similar (Fig. 2A and B). Conversely, in cattle BSE-
inoculated TgMo/TgBo mice, the 12F10 PrPrs signal was at least 16 times weaker than
that in clinically affected TgBo/— animals (Fig. 2B). Since in cattle BSE-inoculated
TgMo/TgBo mice the survival time was only 1.2-fold longer than that in TgBo/— mice,
the survival time cannot explain the lower bovine PrPs accumulation level observed
in TgMo/TgBo mouse brain. In addition, cattle BSE passaged in TgMo/— or TgMo/TgBo
mice was used to inoculate groups of TgMo/—, TgBo/—, and TgMo/TgBo mice
(Fig. 1B). In both cases, the incubation periods recorded in the three mouse groups
showed a similar pattern: a short survival time in both TgMo/— and TgMo/TgBo mice
and a prolonged survival time in TgBo/— mice. These results clearly differed from those
observed in mice inoculated with cattle BSE, suggesting that, in TgMo/TgBo mice ino-
culated with cattle BSE, the murine allele is predominantly being propagated. In all
cases, BSE-inoculated TgMo/TgBo mice showed the same survival time as the TgMo/—
control, and therefore, mouse BSE is actively replicating the mouse allele without appa-
rent interference by the bovine allele, while the replication of cattle BSE in the bovine
allele is interfered with by the presence of the murine allele, which is finally predomi-
nantly propagated, as observed by bioassay and brain PrPres accumulation.

To assess the relevance of the inoculation route in the outcome of the experiment,
TgMo/TgBo, TgMo/—, and TgBo/— mice were intraperitoneally inoculated with cattle
or mouse BSE. In both cases, intraperitoneally inoculated TgMo/TgBo mice died with a
similar survival time pattern (Table 2) compared with the pattern previously observed
following inoculation by the intracerebral route (Fig. 1A and B). As previously observed
by the intracerebral route, survival times in heterozygous TgMo/TgBo mice were simi-
lar to those observed in hemizygous TgMo/— mice whatever the PrP*¢ present in the
inoculum (mouse or cattle).

In TgMo/TgBo mice, a higher expression of the murine versus bovine PrP (Table 1)
could be the cause of the effect observed in TgMo/TgBo mice. However, no significant
differences were observed when PrP¢ expression levels from TgBo/— and TgMo/—
brains were compared (Fig. S1). To test the influence of PrP¢ expression levels, we ino-
culated heterozygous C57BL/6/TgBo mice with mouse BSE and cattle BSE. In these
mice, the expression of bovine PrPC is significantly higher than that of mouse PrP. After
inoculation with mouse BSE, 100% of the mice were infected, but the survival time in
TgBo/— mice was longer than those in C57BL/6/TgBo or C57BL/6/— mice (P < 0.0001
[Table 31). This result suggests a slight effect of the expression of bovine PrP¢ on the
homologous replication of the murine allele. On the other hand, survival times in cattle
BSE-inoculated C57BL/6/TgBo mice were considerably longer than those in TgBo/—
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FIG 2 Brain PrP™ in inoculated mice. Shown are immunoblots of PrP™ from brain detected with either the Saf83 (left
panels) or 12F10 (right panels) MAb. Direct samples (2-mg equivalent of 10% brain homogenates) and 1/4 dilutions
were loaded onto 12% Bis-Tris gels. The results shown are representative of at least two independent experiments. (A
to D) Brain PrP™* from mice inoculated with mouse BSE in TgMo/—, TgMo/TgBo, and TgBo/— mice (A), cattle BSE in
TgMo/—, TgMo/TgBo, and TgBo/— mice (B), cattle BSE in C57BL/6/—, C57BL/6/TgBo, and TgBo/— mice (C), and mouse
BSE in C57BL/6/—, C57BL6/TgBo, and TgBo/— mice (D).

mice (Table 3). In contrast, C57BL/6/— mice inoculated with cattle BSE died at the end
of their life span without showing clinical signs of neurological disease, but when their
brains were analyzed, 100% of them were found PrPres positive (Table 3).

In C57BL/6/TgBo mice inoculated with cattle BSE, the SAF83 immunoblot indicated
that the accumulation of murine PrP™s in the brain was similar to that in C57BL/6/—
mice (Fig. 2C). The 12F10 immunoblot was consistent with the accumulation of quite
similar amounts of bovine PrPs in clinically affected C57BL/6/TgBo and TgBo/— mice.
Mouse BSE-inoculated C57BL/6/TgBo mice displayed similar accumulation of murine
and bovine PrPres in their brain (as assessed by SAF83 and 12F10 immunoblots, respec-
tively) compared to C57BL/6/— and TgBo/— mice, respectively (Fig. 2D). These data
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TABLE 2 Intraperitoneal inoculation of BSE isolates in mice overexpressing murine and

bovine PrP

Mean survival time, dpi (n/n,)?
Mice Cattle BSE Mouse BSE
TgMo/— 679 = 57 (6/6) 279 £ 9 (6/6)
TgMo/TgBo 709 *+ 70 (6/6) 272+ 15 (6/6)
TgBo/— 457 + 54 (6/6) >650 (6/6)

aSurvival time is indicated as mean number of days postinoculation (dpi) + SD for all the mice that scored
positive for PrP™*. n/n,, number of diseased PrP"*-positive animals/inoculated animals.

indicate that in animals that express significantly more bovine PrP¢ (about 3x) than
murine PrP¢, the capability of murine PrP¢ to interfere with the bovine PrP>< replication
is slightly reduced compared to animals that express similar amounts of both bovine
and murine PrP¢ (Fig. 1B and 2B). These results suggest that differences in the bovine
and murine PrP¢ expression ratio can affect the observed interference.

(ii) Atypical BSE-L agent propagation in a murine and bovine PrP¢-coexpressing
host. To assess whether the observed interference effect is strain-specific, atypical
BSE-L (cattle BSE-L) was used as the inoculum in TgMo/—, TgMo/TgBo, and TgBo/—
mice (Fig. 1C). The cattle BSE-L agent was only able to replicate in TgBo/— mice, while
both heterozygous TgMo/TgBo and hemizygous TgMo/— mice were resistant to the
infection with this agent, and hence, the interference score was high (IS > 18). None of
the animals succumbed to the disease, and when euthanized at the end of their life
span, they showed no clinical signs or PrPrs in their brains. These results indicate that,
contrary to epidemic BSE, the expression of the heterologous murine PrP¢ prevents the
replication of the bovine PrP5¢ in animals inoculated with cattle BSE-L, thus suggesting
that the interference effect of a heterologous PrP¢ on prion propagation is strain de-
pendent and probably related to the inconvertibility of the interfering PrP¢.

(iii) BSE agent propagation in a murine and porcine PrP-coexpressing host. We
also investigated the interference phenomenon in animals coexpressing the murine PrP¢
(in the context of its natural host) beside the porcine PrP¢ sequence (Fig. 3). Inoculation
of mouse BSE in TgPo/— mice was inefficient, as none of the mice was scored positive for
the transmission of the disease, while it readily infected TgMo and TgMo/TgPo mice
(Fig. 3A). Statistical analysis confirms that there is no interference (P < 0.0001). Even the
onset of the disease is very slightly accelerated in the animals expressing both alleles,
showing an interference score of around 1, indicating that the presence of the porcine al-
lele, despite its inconvertibility, does not affect the replication of the murine allele.

When pig BSE was used as the inoculum (Fig. 3B), 100% of hemizygous TgPo/— and
TgMo/— mice were infected, while none of the heterozygous TgMo/TgPo mice was
scored positive for the disease, suggesting a dual interference effect, as supported by
the elevated interference score observed for these transmissions (IS > 11.32). The sec-
ond passage of brains from TgMo/TgPo mice inoculated with pig BSE revealed a lack
of infectivity in TgMo mice, and only residual infectivity could be detected in TgPo
mice (Fig. 3B).

(iv) BSE agent propagation in a bovine and porcine PrP-coexpressing host.
Further analyses were accomplished in transgenic mice coexpressing bovine and por-

TABLE 3 Intracerebral inoculation of cattle and mouse BSE isolates in C57BL/6/TgBo mice

Mean survival time, dpi (n/n,)?

Mice Cattle BSE Mouse BSE
C57BL/6/— >650 (6/6) 304 * 8 (6/6)
C57BL/6/TgBo 455 =11 (6/6) 333 +£7(6/6)
TgBo/— 313 £10(5/5) 445 + 25 (5/5)

aSurvival time is indicated as mean number of days postinoculation (dpi) = SD of all the mice scored positive for
PrP™. n/n,, number of diseased PrP"*-positive animals/inoculated animals.
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cine PrP (Fig. 4). It should be noted that in this case, none of the expressed PrP¢ is in the
context of its natural host. Cattle BSE was not transmitted in hemizygous TgPo/— mice
(Fig. 4A). Interestingly, while transgenic mice expressing only bovine PrP¢ (TgBo/—) were
readily infected with cattle BSE, none of the animals coexpressing bovine and porcine
PrP¢ showed evident clinical signs, yet they scored positive for the presence of PrPes in
their brains when culled after 650days postinfection (dpi). The PrPrs profile obtained
from TgBo/TgPo brain extracts was indistinguishable from those obtained from TgBo/—
brains (Fig. 5). Hence, porcine PrP¢ seems to entail a strong interfering effect on bovine
PrP>c propagation in TgBo/TgPo mice inoculated with cattle BSE. To investigate whether
PrP5¢ propagation is restricted to bovine PrP, brain homogenates from cattle BSE-inocu-
lated TgBo/TgPo transgenic mice were reinoculated into TgPo, TgBo, and TgBo/TgPo
mice. As shown in Fig. 4A, the totalities of both TgBo- and TgPo-inoculated mice were
scored positive for the disease, with short survival times, as previously described for the
infection with cattle BSE in TgBo mice and pig BSE in TgPo mice (23). Remarkably, TgBo/
TgPo mice were 100% susceptible to this cattle BSE passaged in the TgBo/TgPo trans-
genic mouse inoculum but showed significantly (P < 0.0001) longer survival times
(588 = 35dpi) than those observed in TgBo/— mice inoculated with cattle BSE
(313 = 10dpi) or TgPo/— mice inoculated with pig BSE (287 = 3 dpi). These second pas-
sages suggest that both bovine and porcine PrPc were generated in the brains of TgBo/
TgPo mice inoculated with cattle BSE (1st passage), while their simultaneous replication
in the second passage of TgBo/TgPo mice was impaired by the presence of the other
prion protein.

When pig BSE was used as the inoculum, TgBo/— and TgPo/— mice were infected
without evidence of a transmission barrier, as previously described (38). As shown in
Fig. 4B, heterozygous TgBo/TgPo mice were also 100% susceptible to the inoculation
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FIG 4 Transmission of cattle BSE (A) or pig BSE (B) after intracerebral inoculation in TgBo/—, TgPo/—,
and TgBo/TgPo mice. The mean survival time in days = SD is shown. n/n, number of diseased PrP™-
positive animals/inoculated animals. IS, interference score of the interfering PrP. PrP* species are depicted
as hexagons.

of pig BSE, but again, the manifestation of the disease was delayed (P < 0.0001) com-
pared to their hemizygous counterparts, the TgBo/— and TgPo/— mice. Similar behav-
ior was maintained after the second passage of pig BSE-infected TgBo/TgPo brains in
TgBo/TgPo mice. They showed survival times longer than 500 dpi, and only four out of

-
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FIG 5 Brain PrP™ in inoculated mice. Shown is an immunoblot of brain PrP™ detected with the
Sha31 MAb. Shown are brain PrP™* proteins from TgBo/—, TgBo/TgPo, and TgPo/— mice inoculated
with cattle BSE (lanes 1, 2, and 3, respectively), TgBo/—, TgBo/TgPo, and TgPo/— mice inoculated
with pig BSE (lanes 4, 5, and 6, respectively), TgMo/— and TgMo/TgPo mice inoculated with cattle
BSE (lanes 7 and 8, respectively), and TgBo/— and TgBo/TgPo mice inoculated with cattle BSE-L (lanes
9 and 10, respectively). Lane 3 was included as a negative control. From a 0.5- to 2-mg equivalent of
10% brain homogenate was loaded per lane in order to obtain similar quantities of PrP™ in each
lane for better comparison. MW, molecular weight in kilodaltons.

March/April 2021 Volume 12 Issue2 e03508-20

mBio’

mbio.asm.org 9

Downloaded from https://journal s.asm.org/journal/mbio on 15 July 2021 by 147.100.179.233.


https://mbio.asm.org

Espinosa et al.

six animals scored positive for PrP™s in their brains. Again, the PrPs profile obtained in
brain extracts from TgBo/TgPo animals was indistinguishable from that observed in
TgBo/— brains (Fig. 5). In addition, TgBo and TgPo mice were 100% susceptible to
brain homogenate from pig BSE passaged in TgBo/TgPo mice, supporting the corepli-
cation of both bovine and porcine PrP5¢ during the first passage on TgBo/TgPo mice
(Fig. 4B). These results suggest that bovine PrP>c and porcine PrP5¢ can replicate in
TgBo/TgPo mice but less efficiently than separately (with an observed interference
score of around 2 in both cases), indicating that the detrimental effect on PrP>¢ conver-
sion mutually affects both PrP species.

Prion propagation in a host expressing two PrP¢ species different from the
inoculated PrPs<. (i) Cattle BSE in a murine and porcine PrP¢-coexpressing host.
Cattle BSE was inoculated in heterozygous TgMo/TgPo mice and their respective hemi-
zygous controls. As mentioned before, cattle BSE was not able to infect TgPo/— mice,
yet could infect TgMo/— mice, with attack rates of 100% (Fig. 6A). When inoculated
into TgMo/TgPo mice, cattle BSE led to 40% attack rates, long survival times of around
600 dpi (rendering an interference score of around 4), and a PrPs profile identical to
that found in TgMo/— brains (Fig. 5). Brains from TgMo/TgPo mice inoculated with cat-
tle BSE and scoring PrPres positive were passaged a second time in TgMo, TgMo/TgPo,
and TgPo mice. Short survival times were observed in both TgMo and TgMo/TgPo
mice (110 = 7 and 136 = 6 dpi, respectively), showing a small but significant difference
(P = 0.0003). TgPo mice became infected with an evident transmission barrier (survival
for 589 = 10dpi and three out of four animals scoring positive for PrPrs). A similar
result was previously described for the inoculation of mouse BSE prions in TgPo mice
(survival time of 506dpi and one out of six mice scoring positive for PrPrs) (23).
Additional analysis of the PrPrs from TgMo/TgPo brains infected with cattle BSE evi-
denced that—as expected by the bioassay outcome—murine PrPres is present, as
detected with the Saf83 monoclonal antibody (MAb), while porcine PrPres was not
detected with the 12F10 MADb (Fig. 7).

Taken together, these results suggest that only the mouse PrP5¢ was replicated in
TgMo/TgPo mice inoculated with cattle BSE. Nevertheless, mouse PrPs replication is
severely interfered with by porcine PrP, despite the relatively lower expression level of
the pig PrP¢ in comparison with mouse PrPC.

(ii) Sheep BSE in a murine and bovine PrP-coexpressing host. BSE agent after ad-
aptation in ARQ sheep (sheep BSE) was used as a heterologous inoculum in TgMo/
TgBo mice. The observed outcome (Fig. 6B) was very similar to the results obtained af-
ter inoculation of cattle BSE into TgMo/TgBo mice (Fig. 1B), propagating efficiently in
TgBo/— mice and with longer survival times in both TgMo/TgBo and TgMo/— mice.
TgMo/TgBo and TgMo/— mice showed no significant differences in their survival times
(P =0.0963 [Fig. 6B]). As previously observed for the cattle BSE inoculum in these mice,
although this slight difference (IS=1.34) suggests that the mouse allele only weakly
interferes with the conversion of the bovine allele, this result could also be interpreted
as TgMo/TgBo mice having succumbed from the conversion of mouse PrP, thus,
reflecting the efficiency of conversion of murine PrP but not of bovine PrP. The levels
of SAF83 PrPes signal observed in TgMo/— and TgMo/TgBo mice were similar, and the
12F10 PrPres signal in the TgMo/TgBo mice was at least 16 times weaker than that in
TgBo/— animals (Fig. 8).

(iii) Sheep scrapie in a murine and bovine PrP-coexpressing host. In another set
of experiments, a sheep scrapie isolate (Sc21) was used as the inoculum, with PrP>c dif-
ferent from the two PrP¢ proteins coexpressed in the recipient. While TgMo/TgBo and
TgBo/— mice inoculated with sheep Sc21 showed no significant differences in their
long survival times (P = 0.6952 [Fig. 6C]), TgBo/— mice were readily infected with
sheep Sc21, evidencing the interference with bovine PrP>c replication by the presence
of mouse PrP¢ (IS=2.05). Biochemical analysis of PrPrs from TgMo/TgBo brains
infected with sheep Sc21 confirms the interference with bovine PrP>c replication as
mouse PrPres was present in similar levels to TgMo/— mice, while only residual levels of
bovine PrPs could be detected (Fig. 9).
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FIG 6 Transmissions in a host expressing PrP¢ from two species different from the inoculated PrPs<.
Shown is intracerebral inoculation of cattle BSE in TgMo/—, TgPo/—, and TgMo/TgPo mice (A), sheep
BSE in TgMo/—, TgBo/—, and TgMo/TgBo mice (B), sheep Sc21 in TgMo/—, TgBo/—, and TgMo/TgBo
mice (C), and sheep Sc21 in TgBo/—, TgPo/—, and TgBo/TgPo mice (D). Shown is the mean survival
time in days postinfection = SD. n/n,, number of diseased PrP™-positive animals/inoculated animals.
IS, interference score of the interfering PrP. PrP* species are depicted as polygons; a dashed polygon
indicates that PrP*® was not detected.

Sheep Sc21 was also transmitted to heterozygous TgBo/TgPo mice, although the
attack rate was lower and the survival time longer than those in TgBo/— mice (IS =3.44
[Fig. 6D]). Consistent with our prior observations (39, 40), scrapie was not transmitted
to TgPo/— mice, and when euthanized at the end of their life span, they scored nega-
tive for PrP™ss. As mentioned before, the amino acid sequence of the inoculated PrPsc
(ovine) is different from those of any of the PrP¢ proteins expressed in the recipient
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FIG 7 Brain PrP™ in inoculated mice. Shown is an immunoblot of brain PrP™* detected with either
the Saf83 (top) or 12F10 (bottom) MAb. Direct samples (2-mg equivalent of 10% brain homogenates)
and 1/4 dilutions were loaded onto 12% Bis-Tris gels. The results shown are representative of at least
two independent experiments. Show is brain PrP™ from mice inoculated with cattle BSE in TgMo/—
mice and TgMo/TgPo or pig BSE in TgPo/— mice.

Saf83

(bovine and porcine). However, since the sheep Sc21 isolate readily infects TgBo/—
mice, porcine PrP¢ must be responsible for the interfering effect, increasing the survival
times in TgBo/TgPo mice.

The results obtained when the species origin of the inoculated PrP> is different
from the two PrP¢ proteins coexpressed in the transgenic mouse indicate that an inter-
ference effect can be observed but with a complex outcome.

DISCUSSION

This study evaluates the potential interference with the PrP>¢ replication process by
a PrP¢ protein from a second species expressed in the recipient transgenic mouse
model. The amino acid sequence differences between the donor PrP5c and the recipi-
ent PrP< play an important modulatory role in the interspecies transmissibility of TSE
agents (36). Furthermore, amino acid sequence differences in the second species PrP¢
may be relevant in the interference with PrPsc replication (41). In this work, different
combinations of PrP¢ species pairs were challenged with PrP>c proteins from different
sources (cattle, mice, and pigs) to examine the effects of the simultaneous presence of
PrP¢ from two different species.

In the first set of experiments, the amino acid sequence of the PrP*c inoculated was
the same as that of the PrP¢ expressed in the host (homologous PrP€). Thus, compared
to the appropriate control, there is not any other factor affecting the transmissibility of
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FIG 8 Brain PrP™ in inoculated mice. Shown is an immunoblot of PrP™* from brain detected with either the
Saf83 (left) or 12F10 (right) MAb. Direct samples (2-mg equivalent of 10% brain homogenates) and 1/4
dilutions were loaded onto 12% Bis-Tris gels. The results shown are representative of at least two independent
experiments. Show is brain PrP™ from mice inoculated with sheep BSE in TgMo/—, TgMo/TgBo, and TgBo/—

mice.
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FIG 9 Brain PrP™ in inoculated mice. Shown is an immunoblot of brain PrP™* detected with either
the Saf83 (top) or 12F10 (bottom) MAb. Undiluted samples (2-mg equivalent from 10% brain
homogenates) and 1/4 dilutions were loaded onto 12% Bis-Tris gels. The results shown are
representative of at least two independent experiments. Shown is brain PrP™* from mice inoculated
with sheep Sc21 in TgMo/—, TgBo/—, or TgMo/TgBo mice.

the PrP>< inoculated than the second PrP¢ expressed in the host (heterologous PrP<).
As previously observed by using in vitro conversion (42), heterologous (less convertible
or nonconvertible PrP<) may interact with PrP>¢, and as a consequence, the conversion
of the homologous PrP¢ may be interfered with. Moreover, the heterologous PrP¢
expressed in the in vivo model may result in the new PrP5 counterpart, and accord-
ingly, bidirectional interference may occur in the context of the mouse expressing PrP¢
from two species. In the in vivo model used here (the mouse), murine PrP¢ is expressed
in its natural context, but bovine or porcine PrP¢ is not. In this sense, the interaction of
host-specific factors with the expressed PrP¢ may affect the interference process.

Our transmission experiments using transgenic mice that coexpress an exogenous
PrP< show that the expression of bovine PrP¢ at similar levels to murine PrP¢ is not able
to alter the disease caused by the inoculated TSE agent compared to animals express-
ing only murine PrP¢< (Fig. 1). This was independent of (i) the route of inoculation used
(intracranial or intraperitoneal) (Table 2), (ii) the PrP5c amino acid sequence inoculated
(either from mice [Fig. 1A], cattle [Fig. 1B], or sheep [Fig. 6B and C]), and (iii) the tested
prion strains from BSE (Fig. 1A and B and Fig. 6B) and sheep scrapie (Fig. 6C). Only the
expression of higher levels of bovine PrP¢ than murine PrP¢ is able to alter the disease
caused by the inoculated TSE agent when murine PrP¢ is expressed alone (Table 3),
evidencing that PrP expression levels are relevant in the interference process.
Remarkably, in all these experiments, murine PrP¢ is coexpressed in the context of its
natural host. In contrast, the coexpression of either bovine or murine PrP¢ in addition
to porcine PrP¢ was able to interfere with the disease caused by the inoculated TSE
agent, even though porcine PrP>¢ was inoculated (Fig. 3B and Fig. 4B). The highest in-
terference was observed when pig BSE was inoculated into mice coexpressing murine
and porcine PrP¢ (Fig. 3B). In this case, very low infectivity was detected after the sec-
ond passage, suggesting only propagation of porcine PrPs<, In parallel experiments,
coexpression of porcine PrP¢ was unable to interfere with the disease caused by the
inoculation of mouse BSE in heterozygous TgMo/TgPo mice (Fig. 3A). In other words,
the homologous replication of murine PrP>c was not affected by the presence of the
inconvertible heterologous porcine PrPS, in the same way observed with heterologous
bovine PrP¢ in Fig. 1A. However, expression of porcine PrP¢ even at lower levels than
bovine PrP¢ interferes with the disease caused by the inoculation of cattle BSE in heter-
ozygous TgBo/TgPo mice (Fig. 4A). Moreover, when cattle BSE is inoculated into mice
coexpressing murine and porcine PrP¢ (that is a PrP>¢ heterologous to both PrP¢ amino
acid sequences expressed in the host), only murine PrP>c is generated after a long
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survival time in only 40% of the mice (Fig. 6A). We can speculate that porcine PrP¢
might inhibit (in a competitive manner) the interaction of the murine PrP¢ with cellular
ligands or host factors required only for the propagation process of the heterologous
conversion of murine PrP¢ to PrP>c (10) but not for the homologous conversion. In this
sense, we cannot exclude the role of host-specific factors implicated in the formation
of murine PrPs¢, as factors other than PrP can affect the infectious process (31, 32). On
the other hand, when bovine and porcine PrP¢ are coexpressed (Fig. 4), both PrP¢
sequences are not in their natural hosts (cattle or pig), and mutual interference is
observed, as neither bovine nor porcine PrP5¢ can overcome the interference in terms
of survival time or infectivity while infectivity from both PrP>c species is generated.

Collectively, our results support the idea that the prion replication interference
induced by the coexpression of a heterologous PrP¢ may be related to the conversion
susceptibility of the interfering PrPC. Bovine PrP¢ can be converted efficiently by the
different prion strains used (see reference 23 and this work), and hence, in the hetero-
zygous transmissions where bovine PrP would interfere, low interference scores were
observed (IS < 1.82). The effective convertibility of bovine PrP¢ by the different prion
strains used would explain its poor, if any, interfering effect, allowing the propagation
of either mouse or porcine-PrPsc, Conversely, the limited convertibility of porcine PrP¢
(see references 39 and 40 and this work) would explain the substantial interference
effect caused by the coexpression of porcine PrP¢ with either bovine or murine PrP¢ in
most inocula used, showing interference scores over 2.08. The only exception was the
homologous propagation of mouse BSE in TgMo/TgPo mice (Fig. 3A), which was prob-
ably due to the effect of host-specific factors involved in the interference process, as
mentioned before. Alternatively, specific structural elements in the mouse PrP5c absent
in both cattle and pig BSE PrP>c could explain the ability of the homologous propaga-
tion of mouse BSE in heterozygous mice (TgMo/TgPo and TgMo/TgBo), avoiding the
interference effect caused by the coexpression of bovine or porcine PrP¢. Curiously,
while PrP>¢ was not detected in hemizygous mice expressing only porcine PrP¢ inocu-
lated with cattle BSE (Fig. 4A), mice coexpressing porcine and bovine PrP¢ were able to
efficiently propagate porcine PrP>¢, as confirmed via its second passage. Porcine PrPsc
replication is likely the result of its interaction with the replicated bovine PrP>c, which
would provide a steady source of bovine PrP>¢ to interact with porcine PrP, but not
with the inoculated bovine PrPsec.

In the cases of the sheep isolates used in Fig. 6B and C, the amino acid sequence of
the inoculated PrP>¢ (sheep) was different from those of both PrP¢ expressed in the
host (mouse and cattle). Several factors may participate in the transmission of the ino-
culated TSE agent when three different PrP amino acid sequences are implicated: (i)
the transmission barrier of each PrP€ to the inoculated PrP, (ii) the differential ability
of each PrP¢ to replicate the inoculated prion strain, and (iii) the interference effect of
each PrP¢ on the replication of the other. In this multifaceted scenario, it is difficult to
predict the outcome when there is no homology between the inoculum and any of
the coexpressed PrP¢ sequences. In general, the PrP>¢ prone to replicate is impaired by
the presence of the PrP sequence putatively averse to replicate, as observed when cat-
tle BSE was inoculated into mice coexpressing both porcine and murine PrP¢ (Fig. 6A),
or with sheep BSE or sheep Sc21 inoculated in the different PrP combinations (Fig. 6B
to D).

Taken together, all of our results suggest that the coexpression of a PrP< from a sec-
ond species would interfere with propagation of the homologous prion. The level of in-
terference is generally related to the transmission proficiency of the infectious agent
when this second PrP¢ is expressed alone. That is, effective interference was observed
when the inoculated prion was not (or poorly) transmitted in mice expressing the
interfering PrP¢ alone, thus suggesting a certain correlation between interference abil-
ity and conversion incompetence of the interfering PrP¢. Although most of the results
supporting this statement have been obtained with classical BSE, results with other
prion agents, such as sheep scrapie and L-type BSE, suggest that this contention can

March/April 2021 Volume 12 Issue2 e03508-20

mBio’

mbio.asm.org

14

Downloaded from https://journal s.asm.org/journal/mbio on 15 July 2021 by 147.100.179.233.


https://mbio.asm.org

Prion Replication Interference

be extended to other prion agents, being probably a general rule applying to the dif-
ferent prion strains. This rationale is consistent with the stone fence model (43), which
predicts that for a given TSE agent, a conversion-incompetent PrP¢ will impair the PrPs¢
replication of a conversion-competent PrPS, resulting in a lower efficacy of prion propa-
gation. As illustrated here, this lower efficiency is translated to reduced attack rates
and/or prolonged survival times due to a dominant-negative effect induced by the
conversion-incompetent PrP¢ on a strain-dependent basis. The protector effect of the
Val,,, human PrP variant in heterozygosis for both classical BSE and L-type BSE infec-
tion is an example of this dominant-negative effect (44, 45). Finally, the unequal inter-
ference capacity of the murine PrP allele, which is expressed in its natural context (the
mouse), allows us to speculate that host-specific factors other than PrP could be
involved in the interference process.

MATERIALS AND METHODS

Ethics statement. Animal experiments were carried out in strict accordance with institutional and
national guidelines and in accordance with the European Directives 86/609/EEC and 2010/63/EU. Every
effort was made to minimize animal suffering. The animal experiments conducted at CISA-INIA (Centro
de Investigacion en Sanidad Animal) were approved by the Committee on the Ethics of Animal
Experiments of the Instituto Nacional de Investigacion y Tecnologia Agraria y Alimentaria (permit no.
CEEA 2009/003 and CEEA 2009/004). Experiments developed at ENVT (Ecole Nationale Vétérinaire de
Toulouse) were approved by the local ENVT committee (permit no. 01734.01).

Transgenic mice. Three transgenic mouse lines previously reported were used: (i) PoPrP-Tg001,
expressing porcine PrP¢ (38); (ii) BoPrP-Tg110, expressing bovine PrP€ (46); and (iii) Tga20, expressing
murine PrP¢ (47). PoPrP-Tg001, BoPrP-Tg110, and Tga20 mice are homozygous for each transgene and
were generated in a null background for murine PrP (muPrnp~'~). PoPrP-Tg001, BoPrP-Tg110, and
Tga20 mice are abbreviated in the text as TgPo, TgBo, and TgMo, respectively. These mouse lines were
crossbred to obtain heterozygous animals expressing bovine and porcine PrPS, bovine and murine PrPS,
or murine and porcine PrP< (Table 1). As controls, TgPo, TgBo, and TgMo were crossbred with PrP knock-
out mice (Prnp~’~) to produce hemizygous animals (Table 1).

TSE inocula. All inocula were prepared as 10% brain homogenates in 5% glucose in distilled water.
The brain sources were (i) Ca-BSE, French case no. 139, from brainstem of a cow naturally infected with
classical BSE; (ii) cattle BSE, from a pool of brains from terminally ill TgBo mice inoculated with Ca-BSE,;
(i) pig BSE, from a pool of brains of terminally ill porcine TgPo mice inoculated with a second passage
of the Ca-BSE, inoculum; (iv) mouse BSE, from a pool of brains of terminally ill murine transgenic TgMo
mice inoculated with a second passage of the Ca-BSE, inoculum; (v) cattle BSE-L, from brainstem of a
cow from France naturally infected with L-type atypical BSE; (vi) sheep BSE, from a pool of brains from
seven ARQ/ARQ sheep inoculated with Ca-BSE,; (vii) sheep Sc21, an isolate obtained from the brain of a
French ARQ/ARQ (136, 154, and 171 codons) sheep naturally infected with scrapie; and (viii) as a nega-
tive control, a pool of brains of uninoculated C57BL/6 mice.

Transmission studies. Groups of 6 to 10 mice (6 to 7 weeks old, weighing approximately 20 g) were
anesthetized with isoflurane and inoculated with 2 mg of brain homogenate in the right parietal lobe by
using a disposable 25-gauge hypodermic needle. Eight-millimeter transponders were used for individual
identification of mice. Mice were examined twice weekly for neurological signs of prion disease and
were euthanized by cervical dislocation when the progression of the disease was evident or at the end
of the study at 650 days postinoculation (dpi). The animals were humanely euthanized once a definitive
diagnosis had been made or earlier if showing signs of distress or loss of up to 20% body weight. A
mouse was scored positive for prion disease when it showed 2 or 3 out of 10 described signs of neuro-
logical dysfunction (35, 48). Once euthanized, a necropsy was performed, and the brain was harvested
and stored at —20°C. Survival time was calculated as the mean = standard deviation (SD). A Student’s
unpaired, two-tailed t test was used for comparison between group data (P < 0.05). To analyze and com-
pare the levels of interference of prion propagation among the different intracranially inoculated trans-
genic mice used in the work we introduced a new parameter called the interference score (IS) of the
interfering PrP, which takes into consideration both attack rate and survival time. IS was calculated
according to the formula

Is mean survival time in heterozygous transmission

mean survival time in hemizygous transmission

inoculated animals

X H res P . . . .
diseased PrP" — positive animals in heterozygous transmission

If 0 animals were scored PrP™* positive in the heterozygous transmission, the IS was calculated con-
sidering that the value is higher than when 1 animal would be infected. IS was not calculated if 0 ani-
mals were scored positive in the hemizygous transmission. An IS of around 1 indicates no or little inter-
ference in the propagated prion, while values over 1 indicate proportionally higher interference in prion
propagation.
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PrP"s Western blotting. A mass of around 175 = 20 mg of frozen brain tissue was homogenized in
5% glucose in distilled water in grinding tubes (Bio-Rad) and adjusted to 10% (wt/vol) using a TeSeE
Precess 48 homogenizer (Bio-Rad) following the manufacturer’s instructions. The presence of PrP™ (pro-
tease-resistant PrP) was determined by Western blotting (23), following the procedure described below
and using the reagents of the enzyme-linked immunosorbent assay (ELISA) commercial test (TeSeE; Bio-
Rad). Ten to 100 ul of a 10% (wt/vol) brain homogenate were diluted in 190 to 100 ul of a 10% (wt/vol)
homogenate from sheep brain scored negative for PrP™, to obtain a 200-ul final volume. Homogenates
were incubated for 15 min at 37°C with 200 ul of a 2% proteinase K solution (in buffer A). PrP™* was
recovered as a pellet after addition of 200 ul of buffer B and centrifugation at 15,000 x g for 7 min at 20°
C. Supernatants were discarded, and pellets were dried inverted over absorbent paper for 5min. Pellets
were solubilized in Laemmli buffer, and samples were incubated for 5 min at room temperature, solubi-
lized, and heated at 100°C for 5min. Samples were centrifuged at 20,000 x g for 15min at 20°C and
supernatants were recovered and loaded on a 12% Bis-Tris gel (Criterion XT [Bio-Rad] or NuPage
[Invitrogen]). Proteins were electrophoretically transferred onto polyvinylidene difluoride (PVDF) or
nitrocellulose membranes (Millipore). Membranes were blocked overnight with 2% bovine serum albu-
min (BSA) blocking buffer. Animals positive for PrP™* in their brains were recorded as positive for the
disease.

For immunoblotting, the monoclonal antibodies (MAbs) Sha31, SAF83, and 12F10 (49) were used at
a concentration of 1 ug/ml. Sha31 recognizes the ,;,YEDRYYRE, 4, epitope of the bovine PrP sequence.
SAF83 recognizes the epitope between residues 126 and 164 of murine PrP but does not recognize bo-
vine or porcine PrP, and 12F10 recognizes the epitope ,;sDYEDRYYRE,; of bovine PrP (and porcine PrP)
but does not recognize murine PrP. Immunocomplexes were detected by incubating the membranes
for 1 h with horseradish peroxidase-conjugated anti-mouse IgG (Amersham Pharmacia Biotech).
Immunoblots were developed with enhanced chemiluminescence using Pierce ECL enhanced chemilu-
minescence Western blotting substrate (Thermo Scientific, Rockford, IL, USA). Images were captured
using the ChemiDoc XRS+ system. Densitometric analysis was performed using Image Lab 6.0.1
software.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.5 MB.
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