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The innate immune system provides the first line of defense against pathogens. To recognize
pathogens, this system detects a number of molecular features that discriminate pathogens from host
cells, including terminal sialylation of cell surface glycans. Mammalian cell surfaces, but generally not
microbial cell surfaces, have sialylated glycans. Prions or PrP*¢ are proteinaceous pathogens that lack
coding nucleic acids but do possess sialylated glycans. We proposed that sialylation of PrP>¢ is essential
for evading innate immunity and infecting a host. In this study, the sialylation status of PrP5¢ was
reduced by replicating PrP5¢ in serial Protein Misfolding Cyclic Amplification using sialidase-treated
PrP¢ substrate and then restored to original levels by replication using non-treated substrate. Upon
intracerebral administration, all animals that received PrP>¢ with original or restored sialylation levels
were infected, whereas none of the animals that received PrP>¢ with reduced sialylation were infected.
Moreover, brains and spleens of animals from the latter group were completely cleared of prions. The
current work established that the ability of prions to infect the host via intracerebral administration
depends on PrP>¢ sialylation status. Remarkably, PrP5¢ infectivity could be switched offand onina
reversible manner by first removing and then restoring PrP> sialylation.

Prion diseases are a family of transmissible neurodegenerative maladies caused by misfolding and aggregation
of a cellular sialoglycoprotein called the prion protein or PrP€ into a conformationally altered, self-replicating,
disease-associated state referred to as PrPS!. While prions or PrP% are not conventional pathogens and lack cod-
ing nucleic acids, they can be transmitted effectively via natural routes and characterized by high infectivity titers
akin to conventional pathogens®.

The first line of defense against microbial pathogens in mammals is provided by the innate immune system.
To recognize potential pathogens, the innate immune system senses a number of molecular features that dis-
criminate pathogens from host cells. Among them is sialylation, a terminal modification of glycans that is found
on all types of mammalian cells, but is absent on most microbial pathogens>®. To the cells of the innate immune
system, sialylated glycans act as part of a “self-associated molecular pattern’, whereas asialoglycans with exposed
galactose residues act as part of a “pathogen-associated molecular pattern”>%. Exposed galactose on carbohydrates
is believed to serve as “eat me” signal for professional and non-professional microphages including microglia”®.
PrPC is posttranslationally modified with one or two N-linked glycans, in which terminal sialic acid residues are
attached to galactose residues via a2-3 or a2-6 linkages’'!. Upon conversion into PrP%, the N-linked glycans
of PrP€ are carried over giving rise to sialylated PrPS 1213, Previously, we proposed that due to sialylation, PrPS
is not recognized by the innate immune system as a potential pathogen'*!>. The current study was designed to
test the hypothesis that sialylation represents a key molecular feature that controls infectivity of PrP%, even when
it is administered directly into brain, avoiding any encounter with the innate immune system in the periphery.
In particular, we asked whether the infectivity of PrP¢ could be switched off and on in a reversible manner by
removing and reinstalling sialic acid residues.

In the CNS microglia, astrocytes, endothelial cells and pericytes perform the functions that are fulfilled by the
innate immune system in the periphery (reviewed in ref. 16). In the periphery, commensal bacteria that colonize
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surfaces early in life act in sync with the host innate immune system, helping to prevent invasion of pathogens'”!8.

In fact, commensal bacteria are believed to calibrate the activation threshold of the innate immune system, ensur-
ing a balanced immune response against pathogens but not against self'”'. Because the CNS lacks direct expo-
sure to commensal bacteria, it is not clear whether the defense mechanisms of the innate immune system that
evolved to rely on sialylation or its lack thereof are also applicable to the CNS.

To test the above hypothesis, the current study used SSLOW, a prion strain of synthetic origin'®. Just like
other prion strains, SSLOW is transmissible, displays a high infectivity titer and causes neuronal loss, gliosis and
spongiform vacuolation*?*2. It is deposited in the form of large plaques and small synaptic and perineuronal
deposits!®-2L. Previously, SSLOW deposits were found in association with neuronal and glial cells'*-*'. However,
in contrast to the vast majority of rodent strains, including 263 K or Hyper, SSLOW exhibits a long incubation
time to disease and slow progression of the clinical disease?, which is more typical of human and large animal
Transmissible Spongiform Encephalopathies than those of rodents. In addition, SSLOW-infected animals showed
substantial cerebral amyloid angiopathy!®?!, a pathogenic feature often observed in a subset of individuals with
Alzheimer’s disease. SSLOW replicates very efficiently in Protein Misfolding Cyclic Amplification with beads
(PMCAD)***, making the production of SSLOW with modified sialylation status in vitro or detection of minis-
cule amounts of SSLOW PrP% in animal tissues feasible.

To modify the sialylation status of SSLOW PrP%, the current work employed serial PMCAD conducted with
normal brain homogenate (NBH) in which the sialylation status of PrP€ was first reduced using sialidase treat-
ment and then restored to the original level by propagating using non-treated NBH. We found that the ability of
PrP5 to infect animals via intracerebral (IC) administration depended on the PrP¢ sialylation status. Remarkably,
we showed that the infectivity of SSLOW PrP%¢ could be switched off and on in a reversible manner by removing
and then restoring PrP** sialylation, respectively. This study suggests that controlling sialylation status of PrP
might open new opportunities for therapeutic intervention against prion diseases.

Results

Previous studies established that within brain-derived PrP%, PrP molecules are highly heterogeneous with respect
to sialylation status of their N-linked glycans ranging from hyposialylated to hypersialylated#?*. To produce
PrP5¢ with reduced sialylation status, serial PMCADb reactions were seeded with brain-derived SSLOW PrPS,
and sialidase-treated normal brain homogenate (dsNBH) was used as a source of PrP€ (Fig. 1A). The resulting
material produced in dsNBH will be referred to as dsSPMCADb-derived SSLOW. Direct treatment of brain-derived
PrP% with sialidase was not effective, presumably due to the highly aggregated nature of PrP% and limited access
of sialic acid residues to sialidases. To produce a reference PMCADb-derived SSLOW, serial PMCADb reactions
were seeded with brain-derived SSLOW PrP*¢, and the reactions were conducted using NBH as a substrate in
the absence of sialidase treatment. Multiple serial rounds were conducted for both dsPMCAb and PMCAD reac-
tions to make sure that the final dilutions of the original SSLOW seeds in dsSPMCAb or PMCAD products were
well beyond the limiting dilution (Fig. 1A). To restore the sialylation status of dsSPMCAb-derived SSLOW, serial
PMCAD reactions were seeded with dsPMCAb-derived SSLOW and subjected to replication in NBH (Fig. 1A).
The resulting material will be referred to as resialylated or rsPMCAb-derived SSLOW.

The sialylation status of the original brain-derived SSLOW, as well as PMCAb-, dsPMCA- and rsPMCA-derived
SSLOW, was assessed using two-dimensional Western blot (2D). Prior to 2D, all samples were treated with PK,
and then the PrP5 aggregates were denatured into PrP monomers. The sialylation status of individual PrP mole-
cules is reflected by their positions on the horizontal dimension of 2D, where heavily sialylated PrPs run toward
acidic pHs, whereas weakly sialylated ones run toward basic pHs. Brain-, PMCAb- and rsPMCA-derived SSLOW
showed a very similar distribution of charge isoforms, confirming the very similar sialylation status of PrP% in
these three materials (Fig. 1B,C). All three samples showed a broad sialylation pattern with considerable predom-
inance of highly sialylated isoforms. Notably, the sialylation of rsPMCA-derived SSLOW was restored to the levels
characteristic of brain- or PMCADb-derived SSLOW. As expected, the sialylation level of dsPMCA-derived SSLOW
was substantially lower in comparison to those of brain-, PMCAb- or rsPMCA-derived SSLOW (Fig. 1B,C).

Syrian hamsters were inoculated IC with brain-, PMCAb-, dsPMCADb- or rsPMCA-derived SSLOW. The
amounts of PK-resistant material in the 10-fold diluted PMCAb-, dsPMCAD- or rsPMCAb-derived samples used
for inoculation was higher than the amounts of PrP% in 10*-fold diluted but lower than that in 103-fold diluted
SSLOW brain material (Supplementary Figure 1). Both 10°-fold and 10*-fold diluted SSLOW brain material was
used as references. All animals inoculated with brain-derived SSLOW developed clinical signs of disease typical
for SSLOW (listed in Materials and Methods) and progressed to the terminal stage by 503-609 days post inocula-
tion, at which time they were euthanized (Table 1). All animals showed slow progression of clinical disease typical
for the SSLOW strain. None of the animals inoculated with PMCAb-, dsPMCADb- or rsPMCA-derived SSLOW
showed obvious clinical signs and were euthanized at 614 or 621 days post inoculation (Table 1). Nevertheless,
analysis of brain and spleen materials revealed that animals inoculated with PMCAD- or rsPMCAb-derived
SSLOW were PrPSc-positive as judged by the presence of a PK-resistant signal on Western blot. In the group
inoculated with PMCAb-derived SSLOW, seven out of eight animals showed PrP* in their brain and all eight
animals had PrP%¢ in their spleen (Fig. 2A, Table 1). Brains and spleens from all five animals inoculated with
rsPMCAb-derived SSLOW were positive for PrPs (Fig. 2A, Table 1). In contrast, none of the six animals inocu-
lated with dsPMCA-derived SSLOW showed PrP* signal in their brains or spleens.

Lack of a signal in the group inoculated with dsPMCAb-derived SSLOW could be due to changes in strain
properties and accumulation of predominantly PK-sensitive PrP%. To test this possibility, brain materials from
PMCAD, dsPMCAb and rsPMCA animal groups, as well as normal animals 600-670 days of age, were treated
with increasing concentrations of PK starting at 2 ug/ml. As expected, animals from PMCAb and rsPMCA
groups showed a consistent signal in the whole range of PK concentrations tested, from 2 pg/ml to 100 pg/ml
(Fig. 2B). In contrast, no signal was detected in brains from the dsPMCAb group or brains of aged animals
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Figure 1. Experimental design and 2D analysis of sialylation status. (A) Experimental design illustrating
generation of desialylated and re-sialylated SSLOW material. To produce desialylated SSLOW, serial dSsPMCAb
reactions were seeded with brain-derived SSLOW and conducted using sialidase-treated NBH to a final dilution
of SSLOW brain material of 10~2*-fold. To produce re-sialylated SSLOW, serial rsPMCAD was seeded with
dsPMCAD products and conducted using non-treated NBH to a final dilution of original SSLOW brain material
10734-fold. To produce reference PMCADb-derived material, serial PMCADb reaction was seeded with brain-
derived SSLOW and conducted using non-treated NBH to a final dilution of SSLOW brain material 10~?’-fold.
Animals were inoculated IC with 10-fold diluted PMCADb, dsPMCADb- or rsPMCADb-derived material. (B) 2D
Western blot analysis of SSLOW brain-, PMCADb-, dsPMCAb- and rsPMCAb-derived material. Black and

white triangles mark diglycosylated and monoglycosylated glycoforms, respectively, whereas arrows mark the
unglycosylated form. All blots were stained with 3F4 antibody. (C) Sialylation profiles of diglycosylated isoforms
of SSLOW brain- (solid thin line), PMCADb- (solid bold line), dssPMCADb- (dashed line) and rsPMCAb-derived
material (dotted line). Profiles were built as described in Materials and Methods using results of 2D Western
blots.

even at the lowest concentration of PK (Fig. 2B). In fact, the PK-resistance profile was indistinguishable between
dsPMCAb-inoculated animals and the normal aged group.

To test whether miniscule amounts of PrP5¢ undetectable by Western blot were present in the animals inocu-
lated with dsPMCA-derived SSLOW, brain and spleen materials from this group were subjected to serial PMCADb.
Previously, serial PMCAb or PMCA was shown to be capable of detecting single PrP¢ particles in several strains,
including SSLOW*2¢27_ In parallel, brain and spleen material from animal #8 in the group inoculated with
PMCAb-derived SSLOW was also subjected to serial PMCAD. Serial PMCADb reactions seeded with 10°-fold
diluted SSLOW brain material were used as a positive control, whereas non-seeded reactions were conducted
as negative controls. Four serial rounds of PMCAD were performed according to the protocol that we previously
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SSLOW inocula n/nX | Npps/n* brain | npps./n** spleen | Euthanized at days post-inoculation
10° fold diluted brain-derived 717 717 N/A 503, 503, 503, 503, 503, 591, 609
10* fold diluted brain-derived 717 717 N/A 504, 540, 551, 552, 556, 560, 577
PMCAb-derived 0/8 7/8 8/8 621
dsPMCAD-derived 0/6 0/6 0/6 614
rsPMCAb-derived 0/5 5/5 5/5 614

Table 1. Bioassay of SSLOW samples in golden Syrian hamsters. "Number of animals with clinical signs (n,)
over the total number of animals (n,) that survived to the end of the experiment. “Number of animals with PrPS¢
in brain homogenates or spleen homogenates (np,ps.) over the total number of animals survived to the end of
the experiment (n,).

determined to be sufficient for detecting limiting dilutions of SSLOW*. As expected, 10°-fold diluted SSLOW
brain material, as well as the brain and spleen materials from the animal #8 inoculated with PMCAb-derived
SSLOW, all showed positive signals after serial PMCAD (Fig. 2C). These results confirmed that animal #8 was
infected and that limiting dilutions of SSLOW could be detected. In contrast, brains and spleens from all six
animals inoculated with dsPMCA-derived SSLOW were negative on Western blot after serial PMCADb (Fig. 2C).
This result established that in the animals inoculated with dsPMCA-derived SSLOW, any detectible prion infec-
tion was cleared. Taken together, these data suggest the ability to infect a host strongly depends on the sialylation
status of PrPs.

Theoretically, reversible changes of the PrP5¢ secondary or tertiary structure during dsPMCADb and rsP-
MCADb could account for the loss and restoration of infectivity, respectively. In fact, previous studies that
employed infrared microscopy revealed conformational differences between 263K scrapie brain material and
263K-seeded PMCA-derived products®. To test whether this is the case, PrP5 was purified from SSLOW brain-,
PMCADb-, dsPMCAD- and rsPMCAbD-derived materials and analyzed by infrared microspectroscopy (IR-MSP).
Brain-derived SSLOW showed a peak at 1627 cm™! that corresponds to a 3-sheet rich conformation, a small peak
at 1696 cm ™! that also reports on 3-sheet structures and a peak at 1658 cm™! which is conventionally assigned
to an a-helical conformation (Fig. 3A). The association between specific IR absorption bands at 1658 cm ™! and
a-helical structure elements in PrP%¢ is currently under discussion?. Analysis of PMCAb-derived materials
confirmed that subtle structural changes occurred in PrP%¢ during serial amplification. Specifically, the minor
peak visible in brain-derived SSLOW at 1668 cm ™! disappeared in PMCADb-, dsPMCAb- and rsPMCADb SSLOW.
(Figure 3A). Remarkably, the spectra of PMCADb-, dsSPMCAb- and rsPMCAb-derived SSLOW were undistin-
guishable between each other illustrating that PrP structure is not altered by the changes in sialylation status.
Nevertheless, to determine whether very minor structural differences between PMCADb, dsPMCAb and rsPMCADb
groups exist, hierarchical cluster analysis was performed (Fig. 3B). Previously, the hierarchical cluster analysis was
found to be very helpful in detecting similarities or dissimilarities in the conformation sensitive amide I region
of IR spectra of prion strains, isolates or their PMCA derivatives that were not obvious by visual inspection of
spectra?®®. The analysis revealed two main clusters: spectra of three SSLOW brains belong to one cluster, whereas
all spectra of PMCAb-, dsPMCAb- and rsPMCAb-derived materials formed another cluster. While the struc-
tural differences between the two clusters were clearly noticeable, the structural heterogeneity between PMCAb-,
dsPMCADb- and rsPMCAb-derive products were of the same degree as heterogeneity between three SSLOW
brains. In summary, IR-MSP and cluster analysis demonstrated that minor conformational changes in PrP
structure did, indeed, occur during PMCADb and might account for some loss of infectivity in PMCAb-derived
SSLOW when compared to the brain-derived SSLOW. However, the lack of notable structural differences between
PMCAb-, dsPMCAb- and rsPMCAb-derived SSLOW PrPS¢ argues that the conformation of amplification prod-
ucts was not affected by sialylation status.

Discussion

The current study supports the hypothesis that the ability of prions to infect a host is controlled by the sialyl-
ation status of PrPS '*1>. According to this hypothesis removal of terminal sialic acid residues exposes galac-
tose that serves as an “eat me” signal for macrophages and microglia'®. Both PMCAb and rsPMCAb-derived
materials infected the host as judged by presence of PrP%¢ in brain and spleen, whereas animals inoculated with
dsPMCAb-derived material showed no signs of prion infection. The possibility exists that dssSPMAb material pro-
duced a new prion strain characterized by deposition of predominantly PK-sensitive PrPS and lacked clinical
symptoms. However, this hypothesis was not supported by the experiment that employed low concentrations of
PK. In fact, the PK resistance profiles of brain material from the dsPMCAb group and aged animals were iden-
tical. Moreover, considering that PMCAb, dsPMAb and rsPMCAb material all showed indistinguishable PrPS
conformations, the notion that dssSPMCAb material results in a new strain different from that of PMCAb and
rsPMCADb would challenge the current paradigm regarding the relationship between PrP% structure and strain
identity. Because the SSLOW materials produced in PMCADb, dsPMADb or rsPMCAb all showed indistinguish-
able conformations, regardless of their sialylation status, the loss of infectivity of dsSPMCAb-derived SSLOW
can be attributed to its reduced sialylation status. Remarkably, the loss of infectivity could be restored to the
level observed for PMCAb-derived SSLOW, when the sialylation of dssPMCAb-derived SSLOW was restored in
rsPMCADb reactions to the level typical for PMCAb-derived products. This result established a cause-and-effect
relationship between sialylation status of PrP and its infectivity. These findings open new opportunities for ther-
apeutic intervention via manipulating metabolic pathways that regulate the sialylation status of PrPSc.
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Figure 2. Analysis of brains and spleens from animals inoculated with SSLOW PMCADb-, dsPMCADb- or
rsPMCAb-derived materials. Syrian hamsters were inoculated IC with 10-fold diluted PMCAb-, dsPMCAD-
or rsPMCAD-derived material. (A) Brain or spleen homogenates were treated with PK and analyzed by
Western blot. (B) Western blots of brain homogenates from animals inoculated with PMCAb-, dsPMCAb- or
rsPMCADb-derived material or non-inoculated animals 600-670 days old. Brain homogenates were treated with
increasing concentrations of PK as indicated. PK-digestion profiles for three independent animals are shown.
(C) Serial PMCAD reactions were seeded with 10% brain or spleen homogenates from hamsters inoculated with
dsPMCAb- or PMCAD-derived material, subjected to four serial rounds and reaction products were analyzed
by Western blot. As positive controls, serial PMCADb reactions were seeded with 10°-fold diluted SSLOW brain
material. As a negative control for cross-contamination, non-seeded serial PMCAD reactions were conducted
in parallel (NS). Lane “PMCADb” refers to PMCADb reactions seeded with brain and spleen tissue from animal #8
in panel A “PMCAb-derived”. Independent serial PMCADb reactions were repeated twice for each samples and
produced identical results. Black and white triangles mark diglycosylated and monoglycosylated glycoforms,
respectively, whereas arrows mark the unglycosylated form. All blots were stained with 3F4 antibody.

Previous studies produced highly infectious PrP5¢ in vitro using recombinant PrP3'-3, Because entire N-linked
glycans were missing in PrP% produced from recombinant PrP, the “eat me” signal in the form of exposed galac-
tose was also missing. For this reason, it is unlikely that the innate immune system and/or microglia could iden-
tify PrP of synthetic origin as potential pathogens in the same manner as it might deal with asialo-PrP% with
displays an “eat me” signal. Notably, lack of PrP* in spleens from the dsPMCAb group observed in the current
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Figure 3. Assessing secondary structure by infrared microspectroscopy. (A) IR spectra obtained from

PrP% material purified from brains of three Syrian Hamster infected with SSLOW (blue), or PMCAb- (red),
dsPMCAD- (green) or rsPMCAb-derived SSLOW (black). IR spectra were collected for products of three
independent reactions for each format, PMCAD, dsPMCAb or rsPMCAb. Each spectrum represents a min/
max normalized (tyrosine band at 1515cm™!) second derivative spectrum obtained by averaging ten individual
point spectra. (B) Dendrogram analysis of conformational heterogeneity of SSLOW PrP5 material purified
from brains of animals infected with SSLOW or PMCAb, dsPMCAD, or rsPMCAD reactions (n = 3 independent
brains or reactions). Dendrogram obtained by hierarchical cluster analysis of the mean microspectra using the
information content in the amide I region (1620-1690 cm™*), using the D value as the interspectral distance
measure, and Ward’s algorithm as the clustering method.
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study suggests that PrPS¢ with reduced sialylation status did not spread to SLOs or that it spread there but was
effectively neutralized by the immune system.

The infectivity of PMCAb-derived SSLOW was lower in comparison to the brain-derived SSLOW. The decline
in prion infectivity during serial PMCAb or PMCA reactions was observed in previous studies'**. As docu-
mented by IR-MSP, this loss could be attributed to the changes in PrP%¢ conformation, even though these were
found to be very subtle (Fig. 3A). Nevertheless, even modest differences were sufficient to prolong the incubation
time to disease beyond the animal’s normal life span (Table 1). Similar trends in structure and infectivity were
previously observed for 263 K subjected to serial PMCA or PMCAb!*?. Shifting the conformation of PrP% via
PMCAb might offer a valuable approach for defining elements of PrP% structure essential for prion infectivity in
future studies.

The long incubation time associated with SSLOW strain, together with a decline in infectivity attributed to
PMCAD procedure, poses a couple of questions regarding the extent to which sialylation controls prion infectiv-
ity. Would desialylation work to the same extent for a strain with a short incubation time? Would desialylation
completely destroy the infectivity of scrapie material with a high infectivity titer? Our previous studies conducted
with 263K, for which the incubation time ranges from 60 to ~170 days depending on the dose*, displayed similar
effects. No clinical diseases or PrP% were found in animals inoculated IC with dsPMCAb-derived 263K for at
least 342 days post infection, when animals were euthanized'. The second question would be difficult to address
until a novel approach for generating desialylated PrP is developed. We found that treatment of non-denatured
PrP% with commercially available sialidases was not effective with respect to desialylation presumably due to the
aggregated nature of the scrapie material.

Sialylation of glycoproteins in a cell is controlled by two groups of enzymes sialyltransferases and sialidases
Because PrP5¢ arises from PrPC via changes in its conformation, manipulating the sialylation status of PrP¢ offers
the primary mechanism by which sialylation of PrP* could be controlled. Our previous work demonstrated that
knocking out sialidases that are expressed in CNS (NeuI, Neu3 or Neu4) or application of general sialidase inhib-
itors did not change the steady-state sialylation levels of PrP€ in brain or cultured cells, respectively®®. These data
suggest that desialylated PrP¢ molecules are degraded very fast and do not contribute to the steady-state pool of
PrPC. In contrast, a general inhibitor of sialyltransferases was found to reduce the sialylation levels of PrP€ in N2a
cells, suggesting that manipulating the activity of sialyltransferases offers a more effective strategy than that of
sialidases for controlling sialylation status of PrP¢ 3. The second mechanism that defines the sialylation status of
PrPS¢ s strain-specific and involves selective recruitment of sialoglycoforms of PrP€ by PrPS<24. Our recent studies
revealed that heavily sialylated PrP¢ was preferentially excluded from conversion, and the degree of exclusion was
strain-specific?**. The structure of PrP appears to define the maximum density of sialic acid residues that can
be accommodated within given strain-specific structures. The third mechanism is related to the tissue-specific
differences in sialylation levels of PrP%¢2°. Regardless of prion strain, PrPS deposited in secondary lymphoid
organs was found to be more sialylated than brain-derived PrP5?. Enhanced sialylation of spleen-derived PrP%
was attributed to post-conversion sialylation, i.e. direct sialylation of PrP5¢ by sialyltransferases?.

Sialylation along with other molecular cues is used by the mammalian innate immune system for discrimi-
nating “self” from “non-self” or “altered self*>®. The surfaces of all mammalian cell types are covered with sialic
acid residues®, which act as a part of “self-associated molecular pattern”. In contrast, the majority of microbial
pathogens lack sialic acid residues on their glycans, which instead leave galactose exposed>°. Terminal galac-
toses serve as part of a “pathogen-associated molecular pattern” generating “eat me” signals for professional and
non-professional macrophages®. Moreover, a decline in the density of sialic residues on cell surfaces represents
one of the molecular signatures of “apoptotic-cell-associated molecular patterns” observed in apoptotic or aging
cells**2, Erythrocytes and platelets that lose sialic acid residues due to aging are phagocytosed by Kupffer cells*>*,
The functions fulfilled by the cells of innate immune system in the periphery are performed in CNS by microglia,
astrocytes, endothelial cells and other cell types!®. Recent studies showed that neurites with reduced surface sialyl-
ation are opsonized by the complement component C1q and cleared by microglia, whereas sialylation of neurites
inhibited complement-mediated clearance”®.

To fulfill its function, the innate immune system involves diverse mechanisms and relies on several classes of
molecules, which recognize sialo- or asialoglycanson cell surfaces. Asialoglycoprotein receptors are expressed
by Kupffer cells and microglia and bind glycans with exposed terminal galactoses, helping to clear aged cells or
asialoglycoprotein complexes*. Galectins, a family of secreted protein receptors, are expressed in the periphery
and CNS and recognize complex patterns composed of sialo- or asialo-glycans*. An alternative mechanism that
relies on glycan recognition involves the lectin pathway of the complement system that include factors Cl1q and
C3%. Both C1q and C3 are expressed in a brain by glial and neuronal cells***’. While the complement system is
supposed to defend against pathogens, C1q and C3 were found to assist in the trafficking and accumulation of
prions in secondary lymphoid organs at early stages of infection upon administration of prions via peripheral
routes®®”!. Genetic or pharmacological depletions of C3 or its receptor CD21/35 were found to prolong incuba-
tion time to disease®*->3. Nevertheless, the role of C1q and C3 in sporadic prion disease or diseases transmitted via
the IC route is not clear. Upon administration of prions IC, C1q and C3 were found to be expressed at high levels
in brain during disease progression and were shown to be associated with neurons, astrocytes and microglia“.
However, factor H balances overstimulation of the complement system by binding to terminal sialic acids and
conferring protection to healthy mammalian cells by preventing over activation of C1q*”**. It would be important
to determine if any of these known mechanisms are involved in the lack of infectivity of PrP5 with low sialylation
levels in future studies.

36,37

Conclusions
The current work established that the ability of prions to infect a host via IC administration crucially depends
on the PrP%¢ sialylation status. Remarkably, PrP5 infectivity could be switched off and on in a reversible
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manner by removing and reinstalling PrP% sialylation, respectively. In the periphery, sialylation acts as a part of a
“self-associated molecular pattern” helping the immune system to recognize cells of mammalian organism and set
them apart from pathogens. The current work suggests that cells that perform the functions of the innate immune
system in the CNS utilize a similar sialylation-based strategy for discriminating between “self” and “non-self”.

Methods

Ethics statement. This study was carried out in strict accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal protocol
was approved by the Institutional Animal Care and Use Committee of the University of Maryland, Baltimore
(Assurance Number A32000-01; Permit Number: 0215002).

Protein misfolding cyclic amplification with beads (PMCAb).  10% normal brain homogenate (NBH)
from healthy hamsters was prepared as described previously>. To produce desialylated substrates, 10% NBH was
treated with Arthrobacter ureafaciens (cat #P0722L, New England Biolabs, Ipswich, MA) sialidase that has broad
substrate specificity, as follows. After preclearance of NBH at 500 x g for 2 min, the enzyme buffer supplied by
the manufacturer was added to the supernatant using manufacturer’s instructions, followed by 200 units/mL of
sialidase, and incubated on a rotator at 37 °C for 5h. The resulting material is referred to as dsNBH substrate used
in dsPMCAD, a PMCADb format conducted using dsNBH.

PMCAD and dsPMCADb reactions were conducted as previously described!*??, using a Misonix S-4000
microplate horn (Qsonica LLC, Newtown, CT) in the presence of two 2/32” Teflon beads in each tube
(McMaster-Carr, Elmhurst, IL). Both types of reactions were seeded with 10°-fold diluted SSLOW scrapie brain
homogenates. To produce PMCAb-derived material, 24 serial rounds with 10-fold dilution between rounds were
conducted using NBH as a substrate. To produce dsPMCAb material, 7 serial rounds with 1,000-fold dilution
between rounds were conducted with dsNBH substrate. To produce resialylated SSLOW PrP%, 10 serial rounds
with 10-fold dilution between rounds were conducted using NBH as a substrate and dsPMCAb-derived SSLOW
as seeds (this reaction format will be referred to as resialylated or rsPMCADb). Prior to inoculation, PMCAb-,
dsPMCAb- and rsPMCAb-derived products were diluted an additional 10-fold.

To test for the presence of PrP%¢ in the brains or spleens of hamsters inoculated with PMCAb- and
dsPMCAb-derived materials, 90 pl of substrate was supplied with two 2/32” Teflon beads and seeded with 10l
of 10% brain or spleen homogenates. Four serial rounds were conducted with 10-fold dilution of the reaction
products into fresh substrate between rounds. 10°-fold diluted 10% brain homogenate from a hamster terminally
ill with SSLOW was used as a positive control and non-seeded serial PMCADb reactions as negative controls. In all
PMCAD, dsPMCADb or rsPMCADb reactions, one round consisted of 20 sec sonication pulses delivered at 170 W
energy output applied every 20 min during a 24 hour period.

Animal bioassay. Weanling Golden Syrian hamsters were inoculated IC with 50 ul 10°- and 10*-fold
diluted SSLOW scrapie brain homogenates, 10-fold diluted PMCAD, dsPMCAD or rsPMCAb-derived materials
under 2% O,/4 minimum alveolar concentration (MAC) isoflurane anesthesia. After inoculation, animals were
observed daily for disease using a ‘blind’ scoring protocol and euthanized at the terminal stage of disease. The
following symptoms typical for SSLOW were observed in animals inoculated with SSLOW brain material: a
non-habituating startle response to sound and touch; an agitated, fidgeting behavior; pear shaped body; increas-
ingly squat, paddling gait; and dry, patchy and shedding hair. After the first symptoms were observed, it took
80-120 days for the diseases to progress to a terminal stage. Animals that did not develop clinical signs of disease
were euthanized at 614 or 621 days post inoculation (Table 1).

2D Western blotting. Samples of 25 L prepared in loading buffer as described in “Western blot” sec-
tion below were solubilized for 1 h at room temperature in 200 pL solubilization buffer (8 M Urea, 2% (wt/vol)
CHAPS, 5mM TBP, 20 mM Tris pH 8.0), alkylated by adding 7 pL of 0.5 M iodoacetamide and incubated for
1h at room temperature. Then, 1150 pL of ice-cold methanol was added, and samples were incubated for 2h
at —20°C. After centrifugation at 16,000 g at 4 °C, supernatant was discarded, and the pellet was re-solubilized
in 160 pL rehydration buffer (7 M urea, 2 M thiourea, 1% (wt/vol) DTT, 1% (wt/vol) CHAPS, 1% (wt/vol) Triton
X-100, 0.4% (vol/vol) ampholyte, trace amount of Bromophenol Blue). Fixed pre-cast IPG (immobilized pH
gradient) strips (cat. #ZM0018, Life Technologies, Carlsbad, CA) with a linear pH gradient 3-10 were rehydrated
in 155 pL of the resulting mixture overnight at room temperature inside IPG Runner cassettes (cat. #2M0003,
Life Technologies). Isoelectrofocusing (first dimension separation) was performed at room temperature with
rising voltage (175 V for 15 minutes, then 175-2,000V linear gradient for 45 minutes, then 2,000 V for 30 minutes)
with a Life Technologies Zoom Dual Power Supply; using the XCell SureLock Mini-Cell Electrophoresis System
(cat. #E10001, Life Technologies). The IPG strips were then equilibrated for 15 minutes consecutively in (i) 6 M
Urea, 20% (vol/vol) glycerol, 2% SDS, 375mM Tris-HCI pH 8.8, 130 mM DTT and (ii) 6 M Urea, 20% (vol/vol)
glycerol, 2% SDS, 37 5mM Tris-HCI pH 8.8, 135mM iodoacetamide and loaded on 4-12% Bis-Tris ZOOM
SDS-PAGE pre-cast gels (cat. #NP0330BOX, Life Technologies). For the second dimension, SDS-PAGE in
MES-SDS buffer (cat. # B0002, Life Technologies, Carlsbad, CA) was performed for 1h at 170 V. Immunoblotting
was performed as described elsewhere and stained using 3F4 antibody (cat. #SIG-39600, Covance).

2D Western blot signal intensity was digitized for densitometry analysis using AlphaView software
(ProteinSimple, San Jose, CA). For generating sialylation profiles for diglycosylated isoforms, densitometry anal-
ysis of 2D blots was performed using the “Lane profile” function in the AlphaView program, the highest curve
signal value was taken as 100%.
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Procedure for purification of scrapie material. Extraction of PrP* from brain tissue, PMCADb, dsPM-
CAD and rsPMCAD reactions for FTIR microspectroscopic analysis were performed as described by Daus et al.?®
with the following modifications for brain tissue: hemispheres of mid-sagitally split hamster brains (approxi-
mately 0.5 g) were each homogenizedin 10 ml of homogenization buffer. Brain tissue homogenates were subjected
to the extraction procedure, and five final pellets of highly purified PrP5 were obtained from one hemisphere.
For infrared spectroscopic analysis final PrP5¢ pellets were washed as described?® and resuspended in 10 pl of
double-distilled H,O. 1l aliquots of these PrP5 suspensions were transferred for drying onto a CaF, window of
1 mm thickness (Korth Kristalle GmbH, Altenférde, Germany).

Infrared microspectroscopy. For brain-, PMCAb-, dsPMCAb- and rsPMCAb-derived scrapie material,
three independent preparations each were obtained and characterized by infrared microspectroscopy (IR-MSP).
IR-MSP measurements were carried out as previously described®. Briefly, mid-IR spectra were acquired in trans-
mission mode using an IFS 28/B FT-IR spectrometer from Bruker (Bruker Optics GmbH, Ettlingen Germany)
that was linked to an IRscope II infrared microscope (Bruker). IR microspectra were recorded with a spatial reso-
lution of approximately 80 um. Nominal spectral resolution was 4 cm™!, and the zero filling factor was 4. For each
background and for each sample spectrum, 512 individual interferograms were averaged and apodized using a
Blackman-Harris 3-term apodization function. To attain an improved signal-to-noise ratio (SNR) and to address
the aspect of within-sample heterogeneity, 10 point spectra were acquired and averaged per purified PrPS sample.
Data acquisition and spectral preprocessing was carried out by utilizing Bruker’s instrument software OPUS v.
5.5. Second derivative spectra were obtained by means of a 9-smoothing point Savitzki-Golay derivative filter. All

derivative spectra were min/max normalized to the tyrosine band at 1515cm™".

Cluster analysis. Unsupervised hierarchical cluster analysis was used to reveal groupings in the IR
microspectra. The analysis was performed using the cluster analysis function of the OPUS data acquisition
software with mean spectra from three independent preparations for each group as inputs. Pre-processing of
the mean spectra involved application of a Savitzky-Golay second derivative filter with 13 smoothing points®.
Inter-spectral distances were calculated using the information from the secondary structure-sensitive amide I
region (1620 and 1690 cm™') as so-called D-values - scaled Pearson’s correlation coefficients™ - while Ward’s
algorithm®® was used for hierarchical clustering.

Proteinase K digestion and Western blot. 10pL of 10% spleen homogenates or 1% brain homogenates
were mixed with an equal volume of 4% sarcosyl in PBS, supplemented with 50 mM Tris, pH 7.5, and digested with
25pug/ml PK (cat. #P8107S, New England Biolabs, Ipswich, MA) for 30 min at 37°C. 10 uL aliquots of PMCAb-,
dsPMCADb- or rsPMCADb-derived materials were supplemented with 5pL 1% SDS and 5 L PK to final concentra-
tions of 0.25% SDS and 25 pg/mL PK, and incubated at 37 °C for 1 hour. Then, SDS sample buffer was added, sam-
ples were boiled for 10 minutes and loaded onto NuPage 12% BisTris gel (cat. #NP0341BOX, Life Technologies,
Carlsbad, CA), then transferred to PVDF membrane, and probed with 3F4 (cat. #SIG-39600, Covance).

To analyze sensitivity to PK, 10% brain homogenates were diluted 10-fold with 2% sarcosyl in PBS and sup-
plied with increasing concentrations of PX to final concentrations of 0, 2, 10, 50 or 100 ug/ml. After incubation
with shaking at 37 °C for 30 min, the reactions were stopped by addition of 4x SDS-sample buffer and boiling the
samples for 10 min. Samples were loaded onto NuPAGE 12% BisTris gels, transferred to PVDF membrane, and
detected with 3F4 antibody.
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