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Normal cellular and abnormal dis-
ease-associated forms of prion
protein (PrP) contain a C-terminal gly-
cophosphatidyl-inositol (GPI) membrane
anchor. The importance of the GPI mem-
brane anchor in prion diseases is unclear
but there are data to suggest that it both
is and is not required for abnormal prion
protein formation and prion infection.
Utilizing an in vitro model of prion
infection we have recently demonstrated
that, while the GPI anchor is not essen-
tial for the formation of abnormal prion
protein in a cell, it is necessary for the
establishment of persistent prion infec-
tion. In combination with previously
published data, our results suggest that
GPI anchored PP is important in the
amplification and spread of prion infec-
tivity from cell to cell.

In transmissible spongiform encephal-
opathies (TSE or prion diseases) such
as sheep scrapie, bovine spongiform
encephalopathy and human Creutzfeldt-
Jakob disease, normally soluble and
protease-sensitive prion protein (PrP-
sen or PrP°¢) is converted to an abnor-
mal, insoluble and protease-resistant
form termed PrP-res or PrPS. PrP-res/
PrP% is believed to be the main com-
ponent of the prion, the infectious
agent of the TSE/prion diseases. Its
precursor, PrP-sen, is anchored to the
cell surface at the C-terminus by a co-
translationally added glycophosphati-
dyl-inositol (GPI) membrane anchor
which can be cleaved by the enzyme
phosphatidyl-inositol ~ specific  phos-
pholipase (PIPLC). The GPI anchor is
also present in PrP-res, but is inacces-
sible to PIPLC digestion suggesting that
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conformational changes in PrP associ-
ated with PrP-res formation have blocked
the PIPLC cleavage site.! Although the
GPI anchor is present in both PrP-sen and
PrP-res, its precise role in TSE diseases
remains unclear primarily because there
are data to suggest that it both is and is
not necessary for PrP-res formation and
prion infection.

In tissue culture cells infected with
mouse scrapie, PrP-res formation occurs at
the cell surface and/or along the endocytic
pathway*“ and may be dependent upon the
membrane environment of PrP-sen. For
example, localization via the GPI anchor
to caveolae-like domains favors PrP-res
formation® while substitution of the GPI
anchor addition site with carboxy termini
favoring transmembrane anchored PrP-
sen inhibits formation of PrP-res.>® Other
studies have shown that localization of
both PrP-sen and PrP-res to lipid rafts,
cholesterol and sphingolipid rich mem-
brane microdomains where GPI anchored
proteins can be located, is important in
PrP-res formation.®”

However, there are also data which
suggest that such localization is not nec-
essarily essential for PrP-res formation.
Anchorless PrP-sen isolated from cells by
immunoprecipitation or wild-type PrP-
sen purified by immunoaffinity column
followed by cation exchange chromatog-
raphy are efficiently converted into PrP-
res in cell-free systems.'”" Furthermore,
recombinant PrP-sen derived from E. coli,
which has no membrane anchor or glyco-
sylation, can be induced to form protease-
resistant PrP in vitro when reacted with
prion-infected brain  homogenates.'*
Finally, in at least one instance, protease-
resistant recombinant PrP-res generated in
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the absence of infected brain homogenate
was reported to cause disease when inocu-
lated into transgenic mice.”

The data concerning the role of the
PrP-sen GPI anchor in susceptibility to
TSE infection are similarly contradictory.
Transgenic mice expressing anchorless
mouse PrP-sen are susceptible to infec-
tion with mouse scrapie and accumulate
both PrP-res and prion infectivity.'® Thus,
the GPI anchor is clearly not needed for
PrP-res formation or productive TSE
infection in vivo. However, we recently
published data demonstrating that, in
vitro, anchored PrP-sen is in fact required
to persistently infect cells.” Given that
anchorless PrP-sen is not present on the
cell surface but is released into the cell
medium, we speculated that the differ-
ences between the in vitro and in vivo
data were related to the location of PrP-res
formation. In the mice expressing anchor-
less PrP-sen, environments conducive to
PrP-res formation are present in certain
areas of the complex extracellular milieu
of the brain where anchorless, secreted
PrP-sen can accumulate and come into
contact with PrP-res from the infectious
inoculum. Since similar environments are
missing in vitro, any PrP-res formation in
cells expressing anchorless PrP-sen must
be cell-associated. While this explanation
addresses how extracellular PrP-res could
be generated in an unusual transgenic
mouse model of TSE infection, it does not
really help to define how the GPI anchor
is involved in normal prion infection of
a cell.

As with other infectious organisms
such as viruses, TSE infection can be
roughly divided into three steps: uptake,
replication and spread. Over the last sev-
eral years, data derived from new tech-
niques as well as new cell lines susceptible
to prion infection have increased our
knowledge of some of the basic events
that occur during each of these steps. In
order to try to tease out the role of the GPI
anchor in normal TSE pathogenesis, it is
therefore useful to consider the process of
TSE infection of a cell and how the GPI
anchor might be involved in each stage.

In a conventional viral infection, bind-
ing and uptake of the virus is essential
to establish infection. Studying PrP-res
uptake has been complicated by the lack
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of an antibody that can specifically dis-
tinguish PrP-res from PrP-sen in live cells
and by the difficulty of detecting the
input PrP-res from the PrP-res made de
novo by the cell. Recently, however, sev-
eral groups have been able to study PrP-res
uptake using input PrP-res that was either
fluorescently labeled™®2° or tagged with
the epitope to the monoclonal antibody
3F4,% or cell lines that express little or no
PrP-sen.!”?'*3 The data show that PrP-res
uptake is independent of scrapie strain
or cell type but is influenced by the PrP-
res microenvironment as well as PrP-res
aggregate size.”! Importantly, these stud-
ies demonstrated that PrP-sen expression
was not required.””??? Given these data,
itis clear that GPI anchored PrP-sen is not
involved in the initial uptake of PrP-res
into the cell.

The next stage of prion infection
involves replication of infectivity which
is typically assayed by following cellular
PrP-res formation. Once again, however,
the issue of how to distinguish PrP-res in
the inoculum from newly formed PrP-res
in the cells has made it difficult to study
the early stages of prion replication. To
overcome this difficulty, we developed a
murine tissue culture system that utilizes
cells expressing mouse PrP-sen tagged
with the epitope to the 3F4 antibody
(Mo3F4 PrP-sen).* Wild-type mouse PrP
does not have this epitope. As a result,
following exposure to an infected mouse
brain homogenate, de novo PrP-res for-
mation can be followed by assaying for
3F4 positive PrP-res. Our studies showed
that there were two stages of PrP-res for-
mation: (1) an initial acute burst within
the first 96 hours post-infection that was
cell-type and scrapie strain independent
and, (2) persistent PrP-res formation (i.e.,
formation of PrP-res over multiple cell
passages) that was dependent on cell-type
and scrapie strain and associated with
long-term infection.*® Acute PrP-res for-
mation did not necessarily lead to per-
sistent PrP-res formation suggesting that
other cell-specific factors or processes are
needed for PrP-res formation to persist.”t

When cells expressing Mo3F4 PrP-
sen without the GPI anchor (Mo3F4
GPI' PrP-sen) were exposed to mouse
scrapie

GPI

infected brain homogenates,
3F4 positive PrP-res

negative,
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(Mo3F4 GPI" PrP-res) was detected within
96 hours indicating that acute PrP-res
formation had occurred.” Thus, despite
the fact that Mo3F4 GPI" PrP-sen is not
expressed on the cell surface’® (Fig. 1A),
it was still available for conversion to PrP-
res. These results are consistent with data
from cell-free systems and demonstrate
that, at least acutely, membrane anchored
PrP is not necessary for PrP-res formation
in a cell.

In terms of persistent PrP-res forma-
tion, however, our data suggest that the
GPI anchor is important. Despite an ini-
tial burst of PrP-res formation within the
first 96 hours post-infection, Mo3F4 GPI
PrP-res was not observed following pas-
sage of the cells nor did the cells become
infected. This effect was not due either
to resistance of the cells to scrapie infec-
tion or to an inability of the scrapie strain
used to infect cells. When the same cells
expressed anchored Mo3F4 PrP-sen and
were exposed to the same mouse scrapie
strain, both acute and persistent PrP-res
formation were detected and the cells
were persistently infected with scrapie
(Fig. 1B).” Taken together, these data
demonstrate that cells expressing anchor-
less PrP-sen do not support persistent
PrP-res formation. Furthermore, the data
strongly suggest that GPI-anchored PrP-
sen is required during the transition from
acute to persistent scrapie infection. In
support of this hypothesis, the resistance
of cells expressing Mo3F4 GPI" PrP-sen to
persistent prion infection could be over-
come if wild-type GPI anchored PrP-sen
was co-expressed in the same cell. When
both forms of PrP-sen were expressed,
anchored and anchorless forms of PrP-res
were made and the cells became persis-
tently infected (Fig. 1B).”” Thus, the data
suggest that GPI anchored PrP is neces-
sary to establish prion infection within a
cell.

How could GPI membrane anchored
PrP be involved in the establishment and
maintenance of persistent prion infec-
tion? Several studies have suggested that
the GPI anchor is needed to localize PrP-
sen to specific membrane environments
where PrP-res formation is favored.’™
However, if this localization was essential
for PrP-res formation, GPI- PrP-sen would
presumably never form PrP-res. Lacking
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Figure I. Persistent infection of cells in vitro requires the expression of GPl-anchored cell surface PrP-sen. PrP knockout cells (CF10)?' were transduced
with 3F4 epitope tagged mouse PrP-sen (Mo3F4), 3F4 epitope tagged mouse PrP-sen without the GPIl anchor (Mo3F4 GPI'), or Mo3F4 GPI- PrP-sen plus
wild-type, GPI anchored mouse PrP-sen (MoPrP).The cells were then exposed to the mouse scrapie strain 22L and passaged. (A) The presence of 3F4
epitope tagged, cell surface mouse PrP-sen was assayed by FACS analysis of fixed, non-permeabilized cells. CF10 cells expressing the following mouse PrP-
sen molecules were assayed: Mo3F4 (solid line); Mo3F4 GPI- (dashed line); Mo3F4 GPI- + MoPrP (dotted and dashed line); Mo3F4 GPI- + MoPrP infected
with 22L scrapie (dotted line). Only cells expressing Mo3F4 PrP-sen were positive for cell surface, 3F4 epitope tagged PrP. (B) Persistent infection was ana-
lyzed by inoculating the cells intracranially into transgenic mice overexpressing MoPrP (Tga20 mice). Only cells expressing anchored mouse PrP-sen were
susceptible to scrapie infection. Cells expressing anchorless mouse PrP-sen did not contain detectable infectivity in either the cells or the cellular superna-
tant (data not shown). Data in (B) are adapted from McNally 2009."7

the GPI anchor, it would not be in the
correct membrane environment to sup-
port conversion. As a result, neither acute
nor persistent prion infection could occur.
This is obviously not the case. Transgenic
mice expressing only anchorless PrP-sen
generate PrP-res and can be infected with
scrapie even though (1) flotation gradients
showed that anchorless PrP-sen was not
in the same membrane environment as
anchored PrP-sen and, (2) flow cytometry
analysis demonstrated that anchorless
PrP-sen was not present on the cell sur-
face.'® Thus, the GPI anchor is not needed
to target PrP-sen to a conversion friendly
membrane environment.

Consistent with the idea that the GPI
anchor is not essential for PrP-res forma-
tion, in our studies anchorless PrP-sen
could form PrP-res in cells acutely infected
with scrapie despite the fact that it is pro-
cessed differently than anchored PrP-sen,
is not present on the cell surface (Fig.
1A), and is secreted."” Persistent forma-
tion of anchorless PrP-res only occurred
when both anchored and anchorless forms
of PrP were expressed in the same cell.”
For this to happen both types of PrP must
share a cellular compartment where PrP-
res formation occurs, presumably either
on the cell surface or in a specific loca-
tion along the endocytic pathway*® such
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as the endosomal recycling compartment.*
Analysis of infected and uninfected cells
co-expressing Mo3F4 GPI" PrP-sen and
wild-type PrP-sen demonstrated that
Mo3F4 GPI' PrP-sen was not present
on the cell surface (Fig. 1A). Thus, it is
unlikely that GPI' PrP-res formation is
occurring on the cell surface. We specu-
late that the anchored form of PrP-res
encounters anchorless PrP-sen along either
a secretory or endocytic pathway, allowing
for the formation of anchorless PrP-res.
Regardless of the precise location, the in
vitro and in vivo data strongly suggest that
the role of the anchor in persistent prion
infection is not simply to localize PrP-sen
to an environment compatible with PrP-
res formation.

However, the data are consistent with
the idea that GPI anchored PrP is abso-
lutely essential for the establishment of
persistent infection in vitro. This is likely
related to the spread of infectivity within
a culture that is necessary for maintaining
a persistent infection over time. Evidence
suggests that PrP-res can be transferred
between cells in a variety of ways including
mother-daughter cell division,” cell-to-
cell contact’*” and exosomes.? Tunneling
nanotubes have also been hypothesized to
be involved in intercellular prion spread”
and recent data suggest that spread can
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occur via these structures.”” Any of these
processes could involve the cell-to-cell
transfer of PrP-res in membrane con-
taining particles as has been observed in
cell-free’ and cell-based systems.” If cell-
to-cell contact were required, for example
via simple physical proximity or perhaps

1920 then the conver-

tunneling nanotubes,
sion of cell surface PrP-sen on the naive
cell by cell surface PrP-res on the infected
cell would transfer infection to the naive
cell. In this instance, GPI membrane
anchored,

be essential as it would allow for PrP-res

cell surface PrP-sen would

formation on the cell surface. If spread is
via cell division, then GPI-anchored, cell
surface PrP-sen would be important for its
role as a precursor to PrP-res formation.? In
this instance, cell surface PrP-sen would be
an essential intermediate in the continu-
ous formation of PrP-res necessary for the
accumulation and amplification of PrP-res
within the cell. It would also help to cycle
PrP between the cell surface and intrac-
ellular compartments where PrP-res can
be formed.* In either case, GPI-anchored
PrP-sen would facilitate the accumulation
of intracellular PrP-res to high enough lev-
els to maintain both persistent infection in
the mother cell and enable the transfer of
organelles containing sufficient PrP-res
to initiate infection in the daughter cell.

Volume 3 Issue 3



Thus, we would suggest that efficient
spread of infectivity requires not just the
passive transfer of PrP-res from cell-to-cell
but the concurrent initiation of conversion
and amplification of PrP-res via cell sur-
face, GPI anchored PrP-sen.

In vivo, several lines of evidence sug-
gest that the spread of scrapie infectivity
also requires de novo PrP-res formation
in the recipient cell and not simply trans-
fer of PrP-res from one cell to another.
For example, when neurografts from PrP
expressing mice were placed in the brains
of PrP knockout mice and the mice were
challenged intracranially with scrapie, the
graft showed scrapie pathology, but the
surrounding tissue did not.*® Furthermore,
PrP-res from the graft migrated to the host
tissue demonstrating that simple transfer
of PrP-res was not sufficient and that PrP-
sen expression was required for the spread
of scrapie pathology.®® In fact, these mice
did not develop scrapie pathology fol-
lowing peripheral infection even when
peripheral lymphoid tissues were recon-
stituted with PrP-sen expressing cells.”!
Even though PrP-sen expressing cells were
present in both the brain and spleen, in
order for infectivity to spread from the
lymphoreticular system to the central ner-
vous system PrP-sen expression was also
required in an intermediate tissue such as
peripheral nerve??? Given that PrP-res
uptake and trafficking do not require PrP-
sen, the most obvious explanation for the
requirement of PrP-sen in contiguous tis-
sues is that de novo PrP-res formation in
naive cells is necessary for (1) infectivity
to move from cell to cell within a tissue
and, (2) infectivity to move from tissue to
tissue.

Another study that
peripheral expression of heterologous
mouse PrP significantly increased the
incubation time and actually prevented
clinical disease in the majority of trans-
genic mice expressing hamster PrP in
neurons of the brain.** Once again, if
simple transfer and uptake of PrP-res were
sufficient for spread, the presence of het
erologous PrP molecules should not inter-
fere because cellular uptake of PrP-res is
independent of PrP-sen expression.'”?!
Clinical disease in these mice was likely

demonstrated

prevented by the heterologous PrP mole-
cule interfering with conversion of PrP-sen
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to PrP-res suggesting that prevention of de
novo PrP-res formation inhibits spread of
PrP-res and infectivity. These in vivo data,
when combined with our recent in vitro
data,” provide evidence to support the
importance of cell surface, and by exten-
sion GPl-anchored, PrP in the spread of
prion infection.

Our data demonstrate that the GPI
anchor plays a role in the establishment
of persistent scrapie infection in vitro. In
our tissue culture system,?' as well as oth-
ers where spread of infectivity by cell to
cell contact appears to be limited,”?* the
role of GPI anchored PrP-sen would be
to amplify PrP-res to enable the efficient
transfer of infectivity from mother to
daughter cell. In cell systems where spread
of prion infectivity may require cell to cell
contact,”®?” we propose that the role of
GPI anchored PrP-sen is to facilitate the
spread of prion infection via a chain of
conversion from cell-to-cell, a “domino”
type spread of infection that has been pre-
viously hypothesized.?>%

In vivo, such a mechanism might
explain why neuroinvasion does not nec-

t32’37’38 and

essarily require axonal transpor
can occur independently of the axonal
neurofilament machinery.* It would likely
vary with cell type?” and be most impor-
tant in areas where infectivity is trans-
ferred from the periphery to the nervous
system as well as in areas where cell divi-
sion may be limited. It is also possible, if
the location of PrP-res formation differs
for different scrapie strains,’ that the rela-
tive importance of a domino-like spread
of infectivity in vivo would vary with the
scrapie strain.

Of course, spread of infectivity via
a “wave” of GPI anchored, PrP medi-
ated conversion would not preclude the
spread of infectivity by other intracellular
means such as axonal transport (reviewed
in ref. 41). Furthermore, spread of infec-
tivity may still also occur extracellularly
such as in the unique case of mice which
express anchorless PrP-sen,'® where our
in vitro data would suggest that the cells
themselves are not infected. In such a
case, spread would require neither GPI
anchored PrP-sen nor amplification of
PrP-res in cells but would likely occur via
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other means such as blood*! or interstitial

fluid flow.*
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