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Abstract: Transmissible spongiform encephalopathies are incurable neurodegenerative diseases,
associated with the conversion of the physiological prion protein to its disease-associated counterpart.
Even though immunization against transmissible spongiform encephalopathies has shown great
potential, immune tolerance effects impede the use of active immunization protocols for successful
prophylaxis. In this study, we evaluate the use of trypanosomes as biological platforms for the presen-
tation of a prion antigenic peptide to the host immune system. Using the engineered trypanosomes in
an immunization protocol without the use of adjuvants led to the development of a humoral immune
response against the prion protein in wild type mice, without the appearance of adverse reactions.
The immune reaction elicited with this protocol displayed in vitro therapeutic potential and was
further evaluated in a bioassay where immunized mice were partially protected in a representative
murine model of prion diseases. Further studies are underway to better characterize the immune
reaction and optimize the immunization protocol.

Keywords: prion diseases; trypanosomes immunization; active immunization; neuroprophylaxis

1. Introduction

Transmissible spongiform encephalopathies (TSEs) are neurodegenerative diseases
sharing a common pathogen, termed a prion, which consists mainly or exclusively of the
disease-associated isoform (PrPSc) of the cellular prion protein (PrPC). These isoforms
share the same primary structure, but differ in their conformation, with PrPSc being β-sheet
enriched. This structural difference, most probably, gives rise to the observed differences in
physicochemical and biological properties, including solubility and proteinase K resistance
that the two isoforms display [1]. It is believed that upon infection, PrPSc dictates the
conversion of host PrPC molecules to PrPSc, significantly amplifying the pool of disease
associated molecules. These novel PrPSc molecules can in turn further propagate conversion
events, leading to the appearance of the disease phenotype. Although the conversion
mechanism has not yet been elucidated, and currently only computational models are
available [2], it is believed that it plays a crucial role in disease pathogenesis.

The physiological role of the prion protein has not yet been elucidated, although many
different functions have been attributed to the protein [3–5]. Of note, PrP KO mice do not
develop any overt phenotype and appear normal, with the only undisputed phenotype
being their resistance to infections with the TSE agent [6].
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Human prion diseases include, among others, the various forms (sporadic, variant,
familial, iatrogenic) of Creutzfeldt Jakob disease, Kuru and fatal familial insomnia. In
animals, the most common forms of TSEs include scrapie in sheep, bovine spongiform
encephalopathy (BSE) in cattle and chronic wasting disease (CWD) in cervids [7]. Despite
fervent research, TSEs remain incurable, and there is a clear and unmet need to develop
novel protective and/or therapeutic agents [8,9].

Many different immunoprophylactic and immunotherapeutic approaches against TSEs
have been tested throughout the years, some of which proved to be very promising [10,11].
Passive immunization in a murine model of prion diseases significantly reduced prion
infectivity and provided full protection against disease development [12]. Active oral
immunization against prion diseases using a live attenuated Salmonella typhimurium strain,
genetically modified to express either one or two copies of PrP, led to the development of
mucosal immunity and protection against oral challenge in a murine prion model [13,14]. A
similar approach was implemented in deer to protect against CWD, providing substantial
elongation of the survival interval [15].

However, non-oral active immunization approaches provide only modest results. We
and others have tried immunization with different forms of recombinant PrP, achieving
only partial protection against disease progression [16–19]. In addition to using different
forms of recombinant PrP, varied strategies have been implemented to further enhance im-
mune responses. For example, animals were immunized with PrP peptides supplemented
with CpG oligodeoxynucleotide [20], a combination of DNA and peptide vaccines [21],
dendritic cells loaded with prion peptides [22,23], or viral-like particles expressing prion
peptides [24,25]. The poor protection offered by the active immunization protocols has
been attributed to the close resemblance between the normal and the pathogenetic isoform
of the protein. This resemblance apparently leads to immune tolerance against PrPSc,
which hampers active immunization schemes against TSEs, and enables PrPSc to evade
the immune system [26]. As a result, TSEs do not trigger immune responses and remain
incurable, although passive immunization against PrP has shown great promise [27].

To trigger a potent immune response against PrP protein, we explored the possibility
of using a genetically modified, inactivated protozoan parasite (Trypanosoma brucei) as an
antigen carrier. When found in the bloodstream of mammalian hosts, T. brucei is covered
by a dense coat composed of ~11 million identical, variable surface glycoprotein (VSG)
molecules. VSGs are glycophosphatidylinositol-anchored and encoded by a large (>2000)
repertoire of genes. However, only one VSG gene is active at any given moment. The VSG
coat is strongly immunogenic and provides protection against the host immune system, by
covering and rendering virtually inaccessible other invariant proteins “hidden” beneath it.
At the same time, the coat is used as a decoy: it first elicits a robust antibody response, and
then it is swapped for a new coat (a process termed antigenic variation), thus efficiently
evading the just-established response [28,29].

We have previously shown that integration of an antigen within the highly repetitive
form of the trypanosome’s VSG coat facilitates the antigen’s presentation to the host immune
system, and leads to the initiation of a robust, humoral-only response by the host [30]. Based
on this study, we investigated whether immunization of wild type mice with Trypanosomes
expressing a PrP-specific peptide could elicit an antibody-based immune response offer-
ing protection against TSEs. Our data indicate that immunization with the engineered
trypanosomes can circumvent immune tolerance against PrP, eliciting a strong immune
response, which provides partial protection in an animal model of prion diseases.

2. Results
2.1. Generation of Engineered T. brucei with Prion Peptide Expressing Surface VSG

Following the generation of different expression vectors encoding for the expression
of the prion HFGNDWEDRYYRENMY peptide and an HA- or FLAG-tag on the VSG
coat, T. brucei were transfected and assessed for their ability to grow in the presence of the
selection agent. Transfection with approximately half the expression vectors prepared and
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tested (16/34) was stable, allowing for long-term culture in the presence of phleomycin.
These stably transfected trypanosomes were further probed by flow cytometry for the
surface expression of the FLAG or HA tag, and then for the prion peptide. A representative
staining of a control (untransfected) and a stably transfected clone expressing the prion
peptide is given in Figure 1. Of the 16 stably transfected trypanosome clones with the
different expression vectors, efficient surface expression of the prion peptide was only
achieved when the peptide was expressed in VSG2, in combination with the FLAG tag,
when the distance between the peptide and the tag was maximal.
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Figure 1. Flow cytometry to identify trypanosomes expressing the engineered variable surface
glycoprotein (VSG). Following selection, stably transfected (PrP-tryp) and control (untransfected)
T. brucei clones were stained with an anti-FLAG and an anti-PrP (6H4) antibody. A T. brucei clone
with robust expression of the surface tag and the PrP peptide was identified.

2.2. Immunization with the Trypanosomes Leads to the Production of Anti-PrP Antibodies

In order to characterize the immune response elicited by the engineered trypanosomes,
groups of BALB/c mice were immunized with 107 formalin-fixed trypanosomes, bearing
either a PrP-VSG coat (PrP-tryp group, N = 11) or a wild type (WT)-VSG coat (Control
group, N = 15). The trypanosomes were suspended in phosphate buffer saline (PBS) and ad-
ministered intraperitoneally a total of three times in 45-day intervals. Serum was collected
before administration (pre-bleed), and 7 days after the second and third administration
(summarized in Figure 2 in grey).
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Figure 2. Schematic representation of the immunization and the bioassay. Female BALB/c mice
were immunized with T. brucei expressing PrP-VSG (N = 11) or WT-VSG (N = 15). Serum was
harvested at regular time points throughout the immunization and the possible protective role of the
immunization was evaluated in a bioassay using a murine scrapie strain.
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Mice did not display any overt symptoms throughout the study, indicating that immu-
nization with formalin-fixed trypanosomes is safe. Sera collected from the immunized mice
was used as the primary antibody in Western blots and flow cytometry against recombinant
murine PrP. Sera from the first bleed, collected 7 days after the second trypanosomes admin-
istration, showed only minimal reactivity by Western blot and flow cytometry. However,
after the second boost, sera from the PrP-tryp immunized mice, but not the control mice,
successfully recognized the recombinant form of the protein (Figure 3a). These sera were
also used to blot PrPSc in brain homogenates from terminally ill Rocky Mountains Labora-
tory (RML) mice (Figure 3b). The sera recognized the un-, mono- and di-glycosylated forms
of the prion protein both in proteinase K-untreated, which contained PrPC and PrPSc, and
proteinase K-treated samples, which are enriched in PrPSc, confirming that the immune
sera can interact not only with the recombinant, but also the denatured native form of the
murine prion protein.
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Figure 3. Characterization of the immune sera. Immune serum was used as the primary antibody
in Western blots to detect recombinant murine PrP (a) or PrP in brain homogenates from terminally
ill Rocky Mountains Laboratory (RML) mice (b). The immune serum recognizes recombinant PrP,
as well as total PrP (PrPC and PrPSc) and PrPSc in brain homogenates. (c) The immune serum also
recognized PrP expressed on the surface of DT-40 cells stably transfected to express PrP. PrP-tryp:
serum from a mouse immunized with PrP-VSG expressing trypanosomes; Control: serum from a
mouse immunized with WT-VSG expressing trypanosomes; 6H4: monoclonal anti-PrP antibody. Red
boxes indicate the di-, mono- and unglycosylated forms of PrP. Data from a representative PrP-tryp
and a control serum (second bleed) are depicted in all three panels.

To further validate the therapeutic and protective potential of the immune sera gen-
erated, we evaluated whether the sera were able to recognize PrP in its native form by
flow cytometry, as expressed on the surface of eukaryotic cells. To this end, DT-40 cells
stably expressing PrP on the cell surface were stained with the immune sera using a sec-
ondary fluorescence-tagged anti-mouse IgG antibody, to determine binding. Similar to the
monoclonal anti-PrP antibody (6H4), sera from the PrP-tryp immunized mice successfully
recognized the protein (Figure 3c).

2.3. Immunization Provides Partial Protection in a Murine Model of Prion Diseases

To evaluate the possible protective role of the elicited immune response against prion
diseases, the PrP-tryp (N = 11) and the control mice (N = 15) were challenged intraperi-
toneally (i.p.) with the RML murine scrapie strain, 30 days after completion of the immu-
nization protocol (Figure 2). Mice were euthanized at two timepoints: 50 days after the RML
challenge, to determine differences in early PrPSc accumulation in the periphery (four mice
per group), or at each mouse’s terminal stage (defined by severe weight loss with dyskinesia
or paralysis), to evaluate any protective effect provided by the immunization protocol.

Spleens from mice sacrificed at the early timepoint were homogenized and enriched in
PrPSc. Splenic PrPSc content was estimated by Western blotting with SAL1 [31], a polyclonal
anti-PrP serum (Figure 4a). At this early timepoint, mice immunized with the engineered
trypanosomes had accumulated significantly less splenic PrPSc, compared to control mice.
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Figure 4. Immunization provides partial protection in the murine animal model. (a) Representative
Western blotting of splenic homogenates enriched in PrPSc from PrP-tryp immunized and control
mice, using 6H4. PrP-tryp immunized mice accumulate less splenic PrPSc at the early stages of
disease (a total of four PrP-tryp immunized and four control immunized mice were sacrificed at early
timepoints). (b) Survival curves indicate that PrP-tryp-immunized (N = 7) mice survive significantly
longer than control (N = 11) mice (left panel, Log-rank (Mantel-Cox) test, p < 0.0001). Immunization
seems to result in different levels of protection, as two distinct subgroups with different survival
curves (Log-rank (Mantel-Cox) test, p = 0.0177) can be identified (right panel).

The remaining mice were kept under constant observation and euthanized when they
reached the terminal stage, characterized by a significant weight loss accompanied by
marked dyskinesia and/or paralysis. Accumulation of PrPSc in the brain was confirmed by
Western blotting in brain homogenates, using monoclonal antibody 6H4, and no differences
were detected (Supplementary Figure S1). The survival curves (Figure 4b, left panel), on the
other hand, were significantly different (Log-rank (Mantel-Cox) test, p < 0.0001), with PrP-
tryp-immunized mice surviving longer than control mice (236.9 ± 3.56 vs. 214.9 ± 2.37 days;
two-tailed t test, p = 0.0004).

Interestingly, the PrP-tryp immunized mice could be further distributed into two
subgroups: one with a shorter survival interval (229 ± 1.70), and a second with a longer
one (246.3 ± 5.13). Difference in the mean survival intervals of the two subgroups was
found to be statistically significant (two-tailed t test, p = 0.0016), as were the survival curves
(Log-rank (Mantel-Cox) test, p = 0.0177). Although the antibody titer for each immune sera
was not formally calculated, the three mice that survived longest also displayed the highest
reactivity in flow cytometry experiments.

3. Discussion

Passive immunization against prion diseases has led to very encouraging results in dif-
ferent studies. However, such approaches are characterized by some inherent weaknesses
that significantly reduce their potential for wider use. Passive immunization is transient
and short-lived, thus requiring repeated administration of the protective antibodies for it to
be maintained [32]. To efficiently treat prion diseases in a murine model, repeated antibody
administrations (twice weekly for more than 350 days and once weekly afterwards) were
required [12]. Moreover, for the antibody treatment to be efficient, it is of paramount im-
portance to start within a rather short window of time, following exposure to the pathogen.
That is not always feasible, especially if the subject is repeatedly exposed to the pathogen
in the field, as may be the case for zoonotic prion diseases.

On the other hand, active immunization approaches, with the exception of mucosal im-
munization, were not equally successful. Generation of antibodies against the prion protein
is unimpeded in PrP KO animals [27,33,34], but tolerance effects severely hamper active
immunization in PrP-expressing animals [26,27]. PrP is almost ubiquitously expressed,
including the thymus [35], and the low immune response against the prion protein when
wild type animals are immunized could be associated with the deletion of precursors of Th
and B cells that express T or B cell receptors that recognize prion protein epitopes. This, in
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turn, leads to a reduction of the repertoire of B cell precursors with PrP affinity, hampering
development of a robust response upon immunization with the prion protein [26]. These
tolerance effects against the prion protein in animals expressing the protein have been over-
come, through the use of adjuvants, such as Freund’s adjuvant [16–19,36–42], alum [13–15],
CPG oligonucleotide alone [20,26,43] or in combination with FA [44], cholera toxin [45],
AdjuVac [23], Montanide IMS 1313 [46], Emulsigen-D [47,48] and/or the use of specific
homologous or heterologous PrP epitopes [36,47,48], PrP fragments [20,26,38,41,44,46], or
PrP monomeric [16,19,40] or multimeric [17,18,39,49–51] forms with the aim to present to
the host immune system domains of the protein that are not exposed on membrane-bound
PrP. To circumvent tolerance effects, without the use of adjuvants, we explored the use of
trypanosomes, engineered to express a PrP peptide on their VSGs.

We chose to introduce the HFGNDWEDRYYRENMY peptide, corresponding to
murine prion 139–152, flanked by three glycine residues on each side, which allow an
added level of structural flexibility and facilitate expression of the peptide without severely
compromising folding of the VSG. The prion peptide corresponds to a peptide located in
the central part of the protein, which is believed to be important for conversion of PrPC to
PrPSc [52] and entails the murinized epitope of the anti-prion monoclonal antibodies 6H4
(DWEDRYYRE) [53] and SAF61 [54,55]. Proof of principle for the anti-prion efficiency of
the 6H4 antibody was provided in a murine model of prion diseases, wherein transgenic
expression of the antibody’s µ chain fully protected PrP+/- mice upon challenge [56]. In
a different set of experiments, SAF61 blocked conversion of the prion protein in in vitro
disease models [54,55].

To generate the engineered trypanosomes, trypanosomes were transfected with several
different plasmids, encoding for either VSG 117 or VSG2, tagged with the HA- or FLAG-tag,
and the prion peptide at different locations within the glycoprotein. Following selection
of the stably transfected clones, trypanosomes were checked for surface expression of
the prion peptide by flow cytometry. Efficient expression was achieved only in one of
the combinations tested, wherein the tag and the peptide were introduced at the most
distant locations in VSG2. This low rate could be attributed to the rigorous quality control
that VSGs undergo, resulting in proteasomal digestion of improperly folded VSGs, or
alternatively, to VSG conformations that masked the prion peptides.

The prion peptide-expressing trypanosomes were formalin-fixed and used to immu-
nize wild-type BALB/c mice. Sera after the second boost were able to recognize recom-
binant prion protein, as well as PrPC and PrPSc from brain homogenates of terminally ill
mice in Western blots. Moreover, immune sera recognized native PrP on the surface of
PrP-overexpressing DT-40 cells, which is a strong indicator of therapeutic potential against
TSEs [39], prompting us to perform a pilot bioassay. This robust immune response was
achieved using a very basic immunization protocol, consisting of three i.p. administra-
tions without the addition of adjuvants. The use of adjuvants has been associated with
adverse reactions, and questions have been raised regarding their use in animals and hu-
mans [57,58]. Thus, trypanosomes could emerge as immunization platforms that eliminate
the need for adjuvant use due to their high immunogenicity. The well-documented high
immunogenicity of the Trypanosomes’ VSG coat is not only associated with the repetitive
structure of its core units, but it has also been postulated that the VSG protein may lead to
non-specific B cell activation [59]. In addition to the high immunogenicity, immunization
with trypanosomes is very versatile, as diverse antigens can be incorporated in the VSG
and the preparation of the antigens is extremely easy, fast and scalable, as it entails growing
and fixing the antigen presenting trypanosomes, without the need for time-consuming
purification steps.

Immunized mice were challenged i.p. with a mouse-adapted scrapie strain. Following
peripheral challenge, PrPSc is amplified in the spleen and, as a result, it accumulates even at
early timepoints. However, early splenic PrPSc accumulations were substantially reduced in
mice immunized with the prion peptide-expressing trypanosomes, indicating a protective
effect. The protective effect was further confirmed in the survival prolongation: mice
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immunized with the engineered trypanosomes survived significantly longer (~22 days)
than control mice.

The prolongation of survival appears to be associated with the immunization efficiency.
Mice immunized with the engineered trypanosomes could be further allocated into two sub-
groups, based on the survival prolongation. The longer-surviving mice also had the highest
reacting sera against PrP-expressing DT-40 cells in flow cytometry. This finding indicates
that optimization of the immunization protocol, for example via additional administrations
of trypanosomes or through a mix of different prion peptide-expressing trypanosomes
could enhance the protection provided. However, it must be noted that partial protection
is a recurrent finding in active immunization protocols against prion diseases: with the
exception of mucosal immunization protocols where most probably the antibodies gener-
ated prevent uptake of the pathogen by the host, full protection has not yet been achieved,
although an immune response has been elicited [10]. Since efficient interactions between
the antibodies and the prion protein can be achieved [39,54,55], and at least in some cases
passive immunization approaches can provide almost full protection [12], maybe different
aspects of the protocols, such as the antibody titers and the kinetics of antibody production,
need to be addressed before full protection is achieved via active immunization. Our work
hypothesis, corroborated by the finding that anti-PrP antibodies triggered by PrP-tryp
immunization can bind to PrP on the cell surface of DT40 cells, is that the antibodies
generated can bind to cellular PrPC either in the periphery or the neurons and impede, at
least in part, the interaction between host PrPC and PrPSc introduced through the inoculum.
Anti-PrP antibodies cannot completely block the interaction between PrPC and PrPSc, thus
even in immunized mice the conversion of PrPC to PrPSc takes place, albeit at a lower rate.
Moreover, the rate of production of the anti-PrP antibodies in the PrP-tryp immunized
animals slowly deteriorates, as the antigen is processed and the newly generated—through
the conversion of PrPC to PrPSc—PrPSc antigens cannot trigger memory cells to initiate a
robust secondary response. Eventually, PrPSc molecules reach a threshold whereby they
outnumber the anti-PrP antibodies even in PrP-tryp immunized mice and the PrPC to
PrPSc conversion rate is elevated, reaching normal levels. The effect is that through active
immunization, only a delay in disease progression can be achieved. Collectively, both the
number of the antibodies elicited, as well as the specificity for given epitopes and their
half-life may play a role, explaining why some of the immunized animals are less well
protected compared to others and, so far, complete protection against prion diseases has
not been achieved with active immunization protocols.

In order to secure full protection through active immunization, we need to maintain a
constant concentration of antibodies with the required specificity for PrP for longer time
frames. That could be achieved either through repeated boosts or via the identification of
antigens that would lead to the production of memory cells with a specificity for antigens
exposed by PrPSc. Moreover, better understanding of the conversion mechanism and the
critical domains involved, such as the recently identified R208-H140 hydrogen bond [60],
would enable improved targeting of the antibodies.

Our findings indicate that trypanosomes could successfully function as a flexible
platform for eliciting potent humoral immune responses without the use of adjuvants, even
in cases where the antigen is not highly immunogenic, or tolerance effects impede activation
of the immune system. This could contribute towards the development of efficient and safe
immunoprophylactic approaches in prion and other diseases.

4. Materials and Methods
4.1. Generation of Expression Plasmids

Regarding the backbone for the generation of the expression plasmids, pUB39 plas-
mids already encoding for VSG 117 (MITat 1.4) tagged with HA at different positions
or with VSG2 (MITat 1.2 or VSG 221) tagged with FLAG at different sites were used, as
previously described [30]. Briefly, DNA fragments were generated using dedicated primers
in a two-step assembly PCR approach. These DNA fragments encoded for the GGGH-
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FGNDWEDRYYRENMYGGG prion peptide and were inserted in 4 VSG 117 and 11 VSG2
sites, while retaining expression of the HA or FLAG tag correspondingly. To improve fi-
delity, all PCR reactions were performed with hot start KOD polymerase (Takara Bio, Shiga,
Japan). The DNA fragments produced were first digested with BamHI and HindIII (New
England Biolabs, Ipswich, MA, USA), and then ligated to pUB39 plasmids (a generous
gift from Dr. G. Cross, Rockefeller University). DH5a cells (Sigma Aldrich, St. Louis, MO,
USA) were transformed with the plasmids and, following confirmation of the inserted
sequence by Sanger sequencing, the plasmids were further amplified and purified (Qiagen,
Germantown, MD, USA). Before transfection, plasmids were linearized by NotI digestion
(New England Biolabs, Ipswich, MA, USA). A total of 34 plasmids were prepared.

4.2. Trypanosoma Brucei Growth and Transfection

The bloodstream-form trypanosomes derived from the Lister 427, expressing VSG427-2,
were used throughout the experiments and grown in HMI-9 medium (produced in house)
at 37 ◦C, 5% CO2. Trypanosomes were transfected with the Not I linearized plasmids using
the Amaxa Nucleofector (Lonza, Visp, Switzerland) system. Briefly, 106 trypanosomes
were transfected with 10 µg of the plasmid, using setting x-001, then diluted 10×, and
transferred into 24-well plates. Twenty-four hours later, the selection medium (Phleomycin,
Invivogen, San Diego, CA, USA) was added, and cell survival was assessed by optical
microscopy following Trypan blue (Sigma Aldrich, St. Louis, MO, USA) staining.

4.3. Flow Cytometry

Surface expression of the FLAG, HA and PrP on the transfected trypanosomes was
assessed by flow cytometry, using untransfected trypanosomes as negative controls. For
FLAG and HA expression, approximately 106 cells were pelleted and incubated at 4 ◦C for
15 min with serum implemented with anti-FLAG M2 (FITC-conjugated, Sigma Aldrich,
St. Louis, MO, USA), or with anti-HA (PE-conjugated, Miltenyi Biotec, Bergisch Gladbach,
Germany), at a final concentration of 1 µg/mL. Cells were then rinsed, resuspended in
medium and the fluorescence was estimated with a BD Biosciences FACSCalibur.

To assess surface expression of the PrP peptide on the transfected trypanosomes,
106 cells were pelleted and resuspended in medium containing the monoclonal anti-PrP
antibody 6H4 (ThermoFisher Scientific, Waltham, MA, USA) at a final concentration of
1 µg/mL at 4 ◦C for 15 min. Cells were then rinsed, pelleted and resuspended in medium
containing FITC-labeled goat anti-mouse IgG (Miltenyi Biotec, Bergisch Gladbach, Ger-
many) at a final concentration of 1 µg/mL at 4 ◦C for an additional 15 min. Cells were
then rinsed, pelleted, resuspended in medium and their fluorescence was estimated by
flow cytometry.

The ability of the generated immune sera to recognize PrP expressed on the cell surface
was also assessed by flow cytometry. In this case, DT-40 cells stably transfected to express
the full length murine PrP on the cell surface were used. Briefly, 106 DT-40 cells were
pelleted and incubated with sera from the immunized mice (diluted 1:200 v/v in medium),
with the monoclonal anti-PrP antibody 6H4 (positive control, 1 µg/mL final concentration
in medium), or with the medium alone (negative control) at 4 ◦C for 15 min. Cells were
then rinsed and pelleted before being resuspended in medium containing FITC-labeled
goat anti-mouse IgG (Miltenyi Biotec, 1 µg/mL in medium) at 4 ◦C for 15 min. Following
rinse and resuspension in medium, the fluorescence was estimated by flow cytometry.
Flow cytometry data were analyzed with FlowJo software (BD Biosciences, Franklin Lakes,
NJ, USA).

4.4. Immunization and Bioassay

All animal studies were performed in accordance with institutional and national
regulations. The protocol was approved by the local veterinary services (protocol numbers:
320190/2813 and 386435/3393).
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In total, 26 female BALB/c mice, acquired from Charles Rivers laboratories, were used
for the studies. Mice were housed in a biosafety level 3 facility with ad libitum access to
food and water. Temperature was set at 21 ◦C, relative humidity at 30% and the day cycle
at 12 h.

Following a week of acclimatization at the facility, the mice were immunized with
the inactivated trypanosomes. To inactivate trypanosomes, cells were treated with 3%
v/v formaldehyde in phosphate buffered saline (PBS, ThermoFisher Scientific) for 1 h at
room temperature. The immunization scheme consisted of pthree i.. administrations of
inactivated trypanosomes (107 cells each in 100 µL PBS) with 45-day intervals. Sera were
collected from all the mice the day before immunization started (pre-immune sera), and
then 7 days after the second and the third trypanosome administration, via submandibu-
lar bleeding [61]. Experimental groups received genetically engineered trypanosomes
expressing the prion protein peptide (PrP-tryp immunized group), while the control group
received wild type trypanosomes (control group).

Four weeks after the immunization protocol was completed, mice were challenged i.p.
with a mouse-adapted scrapie strain (RML [62], 103.5 × LD50). Mice were monitored daily
to assess disease progression. Early symptoms included abnormal gait and minor ataxia,
followed by loss of motor coordination, dyskinesia, kyphosis and eventually weight loss
and paralysis. Mice were euthanized by cervical dislocation under isoflurane anesthesia
either at an early timepoint, before the appearance of any disease symptoms (day 50 post
challenge) or at the terminal stage. The terminal stage was defined by severe weight loss
with dyskinesia or paralysis. The brain and spleen were collected, snap frozen and stored
at −80 ◦C until further analysis.

4.5. Western Blotting

Recombinant murine PrP or tissue (brain or spleen) homogenates were prepared and
resolved by SDS-PAGE, as previously described. Briefly, 1 µg of protein or 2.5 mg tissue
equivalent with or without PrPSc enrichment [63] were resolved on 12% polyacrylamide
gels and electro-transferred on PVDF membranes (Millipore, Burlington, MA, USA). The
membranes were blocked with blocking buffer (5% non-fat dry milk in PBS, supplemented
with Tween20 (Sigma, 0,1% w/v, PBST) at room temperature for 1 h. Sera from the immu-
nized mice (1:200 v/v in blocking buffer), a polyclonal anti-PrP serum (SAL1 [31], diluted
1:5000 v/v in blocking buffer) or 6H4 (0.2 µg/mL in blocking buffer) were then added
at 4 ◦C overnight. Following washes with PBST, HRP-conjugated rabbit anti-mouse IgG
was added (ThermoFisher Scientific, 0.1 µg/mL in blocking buffer) at room temperature
for 1 h. Following washes with PBST, proteins were visualized with the ECL reagent
(ThermoFisher Scientific).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms231810629/s1.

Author Contributions: Conceptualization, F.N.P., T.S., P.S. and K.X.; funding acquisition, F.N.P., T.S.,
P.S. and K.X.; investigation, G.T., D.A.G., P.S. and K.X.; writing—original draft, K.X.; writing—review
and editing, G.T., D.A.G., F.N.P., T.S. and P.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded by a grant from NIAID/NIH (1R01AI097127-01).

Institutional Review Board Statement: The animal study protocol was approved by the local veteri-
nary services (protocol numbers: 320190/2813 and 386435/3393).

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ijms231810629/s1
https://www.mdpi.com/article/10.3390/ijms231810629/s1


Int. J. Mol. Sci. 2022, 23, 10629 10 of 12

References
1. Prusiner, S.B. Nobel Lecture: Prions. Proc. Natl. Acad. Sci. USA 1998, 95, 13363–13383. [CrossRef] [PubMed]
2. Spagnolli, G.; Requena, J.R.; Biasini, E. Understanding Prion Structure and Conversion. Prog. Mol. Biol. Transl. Sci. 2020, 175,

19–30. [CrossRef] [PubMed]
3. Panes, J.D.; Saavedra, P.; Pineda, B.; Escobar, K.; Cuevas, M.E.; Moraga-Cid, G.; Fuentealba, J.; Rivas, C.I.; Rezaei, H.; Muñoz-

Montesino, C. PrPC as a Transducer of Physiological and Pathological Signals. Front. Mol. Neurosci. 2021, 14, 762918. [CrossRef]
[PubMed]

4. Watts, J.C.; Bourkas, M.E.C.; Arshad, H. The Function of the Cellular Prion Protein in Health and Disease. Acta Neuropathol. 2018,
135, 159–178. [CrossRef] [PubMed]

5. Linden, R.; Martins, V.R.; Prado, M.A.M.; Cammarota, M.; Izquierdo, I.; Brentani, R.R. Physiology of the Prion Protein. Physiol.
Rev. 2008, 88, 673–728. [CrossRef]

6. Büeler, H.; Fischer, M.; Lang, Y.; Bluethmann, H.; Lipp, H.P.; Dearmond, S.J.; Prusiner, S.B.; Aguet, M.; Weissmann, C. Normal
Development and Behaviour of Mice Lacking the Neuronal Cell-Surface PrP Protein. Nature 1992, 356, 577–582. [CrossRef]

7. Aguzzi, A.; Calella, A.M. Prions: Protein Aggregation and Infectious Diseases. Physiol. Rev. 2009, 89, 1105–1152. [CrossRef]
8. Giles, K.; Olson, S.H.; Prusiner, S.B. Developing Therapeutics for PrP Prion Diseases. Cold Spring Harb. Perspect. Med. 2017, 7,

a023747. [CrossRef]
9. Aguzzi, A.; Lakkaraju, A.K.K.; Frontzek, K. Toward Therapy of Human Prion Diseases. Annu. Rev. Pharmacol. Toxicol. 2018, 58,

331–351. [CrossRef]
10. Ma, Y.; Ma, J. Immunotherapy against Prion Disease. Pathogens 2020, 9, 216. [CrossRef]
11. Roettger, Y.; Du, Y.; Bacher, M.; Zerr, I.; Dodel, R.; Bach, J.P. Immunotherapy in Prion Disease. Nat. Rev. Neurol. 2012, 9, 98–105.

[CrossRef] [PubMed]
12. Frenkel, I.; Hallett, P.; Hawkins, C.; Henriques, D.; Klier, E.; Martinez Trujillo, J.C.; Medendorp, P.; Schreiber, K.; White, A.R.;

Enever, P.; et al. Monoclonal Antibodies Inhibit Prion Replication and Delay the Development of Prion Disease. Nature 2003, 422,
80–83. [CrossRef]

13. Goñi, F.; Knudsen, E.; Schreiber, F.; Scholtzova, H.; Pankiewicz, J.; Carp, R.; Meeker, H.C.; Rubenstein, R.; Brown, D.R.; Sy, M.S.;
et al. Mucosal Vaccination Delays or Prevents Prion Infection via an Oral Route. Neuroscience 2005, 133, 413–421. [CrossRef]
[PubMed]

14. Goñi, F.; Prelli, F.; Schreiber, F.; Scholtzova, H.; Chung, E.; Kascsak, R.; Brown, D.R.; Sigurdsson, E.M.; Chabalgoity, J.A.;
Wisniewski, T. High Titers of Mucosal and Systemic Anti-PrP Antibodies Abrogate Oral Prion Infection in Mucosal-Vaccinated
Mice. Neuroscience 2008, 153, 679–686. [CrossRef]

15. Goñi, F.; Mathiason, C.K.; Yim, L.; Wong, K.; Hayes-Klug, J.; Nalls, A.; Peyser, D.; Estevez, V.; Denkers, N.; Xu, J.; et al. Mucosal
Immunization with an Attenuated Salmonella Vaccine Partially Protects White-Tailed Deer from Chronic Wasting Disease. Vaccine
2015, 33, 726–733. [CrossRef]

16. Ishibashi, D.; Yamanaka, H.; Yamaguchi, N.; Yoshikawa, D.; Nakamura, R.; Okimura, N.; Yamaguchi, Y.; Shigematsu, K.;
Katamine, S.; Sakaguchi, S. Immunization with Recombinant Bovine but Not Mouse Prion Protein Delays the Onset of Disease in
Mice Inoculated with a Mouse-Adapted Prion. Vaccine 2007, 25, 985–992. [CrossRef]

17. Xanthopoulos, K.; Lagoudaki, R.; Kontana, A.; Kyratsous, C.; Panagiotidis, C.; Grigoriadis, N.; Yiangou, M.; Sklaviadis,
T. Immunization with Recombinant Prion Protein Leads to Partial Protection in a Murine Model of TSEs through a Novel
Mechanism. PLoS ONE 2013, 8, e59143. [CrossRef]

18. Gilch, S.; Wopfner, F.; Renner-Müller, I.; Kremmer, E.; Bauer, C.; Wolf, E.; Brem, G.; Groschup, M.H.; Schätzl, H.M. Polyclonal
Anti-PrP Auto-Antibodies Induced with Dimeric PrP Interfere Efficiently with PrPSc Propagation in Prion-Infected Cells. J. Biol.
Chem. 2003, 278, 18524–18531. [CrossRef]

19. Sigurdsson, E.M.; Brown, D.R.; Daniels, M.; Kascsak, R.J.; Kascsak, R.; Carp, R.; Meeker, H.C.; Frangione, B.; Wisniewski, T.
Immunization Delays the Onset of Prion Disease in Mice. Am. J. Pathol. 2002, 161, 13. [CrossRef]

20. Rosset, M.B.; Ballerini, C.; Gregoire, S.; Metharom, P.; Carnaud, C.; Aucouturier, P. Breaking Immune Tolerance to the Prion
Protein Using Prion Protein Peptides plus Oligodeoxynucleotide-CpG in Mice. J. Immunol. 2004, 172, 5168–5174. [CrossRef]

21. Fernandez-Borges, N.; Brun, A.; Whitton, J.L.; Parra, B.; Diaz-San Segundo, F.; Salguero, F.J.; Torres, J.M.; Rodriguez, F. DNA
Vaccination Can Break Immunological Tolerance to PrP in Wild-Type Mice and Attenuates Prion Disease after Intracerebral
Challenge. J. Virol. 2006, 80, 9970–9976. [CrossRef] [PubMed]

22. Bachy, V.; Ballerini, C.; Gourdain, P.; Prignon, A.; Iken, S.; Antoine, N.; Rosset, M.; Carnaud, C. Mouse Vaccination with Dendritic
Cells Loaded with Prion Protein Peptides Overcomes Tolerance and Delays Scrapie. J. Gen. Virol. 2010, 91, 809–820. [CrossRef]
[PubMed]

23. Rosset, M.B.; Sacquin, A.; Lecollinet, S.; Chaigneau, T.; Adam, M.; Crespeau, F.; Eloit, M. Dendritic Cell-Mediated-Immunization
with Xenogenic PrP and Adenoviral Vectors Breaks Tolerance and Prolongs Mice Survival against Experimental Scrapie. PLoS
ONE 2009, 4, e4917. [CrossRef] [PubMed]

24. Eiden, M.; Gedvilaite, A.; Leidel, F.; Ulrich, R.G.; Groschup, M.H. Vaccination with Prion Peptide-Displaying Polyomavirus-like
Particles Prolongs Incubation Time in Scrapie-Infected Mice. Viruses 2021, 13, 811. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.95.23.13363
http://www.ncbi.nlm.nih.gov/pubmed/9811807
http://doi.org/10.1016/BS.PMBTS.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32958233
http://doi.org/10.3389/fnmol.2021.762918
http://www.ncbi.nlm.nih.gov/pubmed/34880726
http://doi.org/10.1007/s00401-017-1790-y
http://www.ncbi.nlm.nih.gov/pubmed/29151170
http://doi.org/10.1152/physrev.00007.2007
http://doi.org/10.1038/356577a0
http://doi.org/10.1152/physrev.00006.2009
http://doi.org/10.1101/cshperspect.a023747
http://doi.org/10.1146/annurev-pharmtox-010617-052745
http://doi.org/10.3390/pathogens9030216
http://doi.org/10.1038/nrneurol.2012.258
http://www.ncbi.nlm.nih.gov/pubmed/23247613
http://doi.org/10.1038/nature01457
http://doi.org/10.1016/j.neuroscience.2005.02.031
http://www.ncbi.nlm.nih.gov/pubmed/15878645
http://doi.org/10.1016/j.neuroscience.2008.02.051
http://doi.org/10.1016/j.vaccine.2014.11.035
http://doi.org/10.1016/j.vaccine.2006.09.078
http://doi.org/10.1371/journal.pone.0059143
http://doi.org/10.1074/jbc.M210723200
http://doi.org/10.1016/S0002-9440(10)64151-X
http://doi.org/10.4049/jimmunol.172.9.5168
http://doi.org/10.1128/JVI.01210-06
http://www.ncbi.nlm.nih.gov/pubmed/17005675
http://doi.org/10.1099/vir.0.013417-0
http://www.ncbi.nlm.nih.gov/pubmed/19864503
http://doi.org/10.1371/journal.pone.0004917
http://www.ncbi.nlm.nih.gov/pubmed/19295917
http://doi.org/10.3390/v13050811
http://www.ncbi.nlm.nih.gov/pubmed/33946367


Int. J. Mol. Sci. 2022, 23, 10629 11 of 12

25. Handisurya, A.; Gilch, S.; Winter, D.; Shafti-Keramat, S.; Maurer, D.; Schätzl, H.M.; Kirnbauer, R. Vaccination with Prion
Peptide-Displaying Papillomavirus-like Particles Induces Autoantibodies to Normal Prion Protein That Interfere with Pathologic
Prion Protein Production in Infected Cells. FEBS J. 2007, 274, 1747. [CrossRef]

26. Grégoire, S.; Bergot, A.S.; Féraudet, C.; Carnaud, C.; Aucouturier, P.; Rosset, M.B. The Murine B Cell Repertoire Is Severely
Selected against Endogenous Cellular Prion Protein. J. Immunol. 2005, 175, 6443–6449. [CrossRef]

27. Aguzzi, A.; Nuvolone, M.; Zhu, C. The Immunobiology of Prion Diseases. Nat. Rev. Immunol. 2013, 13, 888–902. [CrossRef]
28. Mugnier, M.R.; Stebbins, C.E.; Papavasiliou, F.N. Masters of Disguise: Antigenic Variation and the VSG Coat in Trypanosoma

Brucei. PLoS Pathog. 2016, 12, e1005784. [CrossRef]
29. Pinger, J.; Chowdhury, S.; Papavasiliou, F.N. Variant Surface Glycoprotein Density Defines an Immune Evasion Threshold for

African Trypanosomes Undergoing Antigenic Variation. Nat. Commun. 2017, 8, 828. [CrossRef]
30. Stavropoulos, P.; Papavasiliou, F.N. Using T. Brucei as a Biological Epitope-Display Platform to Elicit Specific Antibody Responses.

J. Immunol. Methods 2010, 362, 190–194. [CrossRef]
31. Sachsamanoglou, M.; Paspaltsis, I.; Petrakis, S.; Verghese-Nikolakaki, S.; Panagiotidis, C.H.; Voigtlander, T.; Budka, H.; Langeveld,

J.P.M.; Sklaviadis, T. Antigenic Profile of Human Recombinant PrP: Generation and Characterization of a Versatile Polyclonal
Antiserum. J. Neuroimmunol. 2004, 146, 22–32. [CrossRef] [PubMed]

32. Marcotte, H.; Hammarström, L. Passive Immunization: Toward Magic Bullets. In Mucosal Immunology; Academic Press:
Cambridge, MA, USA, 2015; pp. 1403–1434. [CrossRef]

33. Yang, X.H.; Wu, Y.Z.; Xiao, K.; Gao, L.P.; Chen, D.D.; Dong, X.P.; Shi, Q. Preparation of PrP-Specific Polyclonal Antibody via
Immunization of PRNP-Knockout Mice with Recombinant Human PrP Protein. Biomed. Environ. Sci. 2020, 33, 493–501. [CrossRef]
[PubMed]

34. Krasemann, S.; Groschup, M.; Hunsmann, G.; Bodemer, W. Induction of Antibodies against Human Prion Proteins (PrP) by
DNA-Mediated Immunization of PrP00 Mice. J. Immunol. Methods 1996, 199, 109–118. [CrossRef]

35. Bendheim, P.E.; Brown, H.R.; Rudelli, R.D.; Scala, L.J.; Goller, N.L.; Wen, G.Y.; Kascsak, R.J.; Cashman, N.R.; Bolton, D.C. Nearly
Ubiquitous Tissue Distribution of the Scrapie Agent Precursor Protein. Neurology 1992, 42, 149–156. [CrossRef]

36. Tayebi, M.; Collinge, J.; Hawke, S. Unswitched Immunoglobulin M Response Prolongs Mouse Survival in Prion Disease. J. Gen.
Virol. 2009, 90, 777–782. [CrossRef]

37. Ishibashi, D.; Yamanaka, H.; Mori, T.; Yamaguchi, N.; Yamaguchi, Y.; Nishida, N.; Sakaguchi, S. Antigenic Mimicry-Mediated
Anti-Prion Effects Induced by Bacterial Enzyme Succinylarginine Dihydrolase in Mice. Vaccine 2011, 29, 9321–9328. [CrossRef]

38. Souan, L.; Tal, Y.; Felling, Y.; Cohen, I.R.; Taraboulos, A.; Mor, F. Modulation of Proteinase-K Resistant Prion Protein by Prion
Peptide Immunization. Eur. J. Immunol. 2001, 31, 2338–2346. [CrossRef]

39. Polymenidou, M.; Heppner, F.L.; Pellicioli, E.C.; Urich, E.; Miele, G.; Braun, N.; Wopfner, F.; Schätzl, H.M.; Becher, B.; Aguzzi, A.
Humoral Immune Response to Native Eukaryotic Prion Protein Correlates with Anti-Prion Protection. Proc. Natl. Acad. Sci. USA
2004, 101 (Suppl. S2), 14670–14676. [CrossRef]

40. Koller, M.F.; Grau, T.; Christen, P. Induction of Antibodies against Murine Full-Length Prion Protein in Wild-Type Mice.
J. Neuroimmunol. 2002, 132, 113–116. [CrossRef]

41. Magri, G.; Clerici, M.; Dall’Ara, P.; Biasin, M.; Caramelli, M.; Casalone, C.; Giannino, M.L.; Longhi, R.; Piacentini, L.; Bella, S.D.;
et al. Decrease in Pathology and Progression of Scrapie after Immunisation with Synthetic Prion Protein Peptides in Hamsters.
Vaccine 2005, 23, 2862–2868. [CrossRef]

42. Alexandrenne, C.; Wijkhuisen, A.; Dkhissi, F.; Hanoux, V.; Priam, F.; Allard, B.; Boquet, D.; Couraud, J.-Y. Electrotransfer of
CDNA Coding for a Heterologous Prion Protein Generates Autoantibodies Against Native Murine Prion Protein in Wild-Type
Mice. DNA Cell Biol. 2010, 29, 121–131. [CrossRef] [PubMed]

43. Nitschke, C.; Flechsig, E.; van den Brandt, J.; Lindner, N.; Lührs, T.; Dittmer, U.; Klein, M.A. Immunisation Strategies against
Prion Diseases: Prime-Boost Immunisation with a PrP DNA Vaccine Containing Foreign Helper T-Cell Epitopes Does Not Prevent
Mouse Scrapie. Vet. Microbiol. 2007, 123, 367–376. [CrossRef]

44. Sacquin, A.; Bergot, A.S.; Aucouturier, P.; Bruley-Rosset, M. Contribution of Antibody and T Cell-Specific Responses to the
Progression of 139A-Scrapie in C57BL/6 Mice Immunized with Prion Protein Peptides. J. Immunol. 2008, 181, 768–775. [CrossRef]
[PubMed]

45. Bade, S.; Baier, M.; Boetel, T.; Frey, A. Intranasal Immunization of Balb/c Mice against Prion Protein Attenuates Orally Acquired
Transmissible Spongiform Encephalopathy. Vaccine 2006, 24, 1242–1253. [CrossRef] [PubMed]

46. Schwarz, A.; Krätke, O.; Burwinkel, M.; Riemer, C.; Schultz, J.; Henklein, P.; Bamme, T.; Baier, M. Immunisation with a Synthetic
Prion Protein-Derived Peptide Prolongs Survival Times of Mice Orally Exposed to the Scrapie Agent. Neurosci. Lett. 2003, 350,
187–189. [CrossRef]

47. Hedlin, P.D.; Cashman, N.R.; Li, L.; Gupta, J.; Babiuk, L.A.; Potter, A.A.; Griebel, P.; Napper, S. Design and Delivery of a Cryptic
PrPC Epitope for Induction of PrPSc-Specific Antibody Responses. Vaccine 2010, 28, 981–988. [CrossRef]

48. Wood, M.E.; Griebel, P.; Huizenga, M.L.; Lockwood, S.; Hansen, C.; Potter, A.; Cashman, N.; Mapletoft, J.W.; Napper, S.
Accelerated Onset of Chronic Wasting Disease in Elk (Cervus Canadensis) Vaccinated with a PrPSc-Specific Vaccine and Housed
in a Prion Contaminated Environment. Vaccine 2018, 36, 7737–7743. [CrossRef]

http://doi.org/10.1111/j.1742-4658.2007.05721.x
http://doi.org/10.4049/jimmunol.175.10.6443
http://doi.org/10.1038/nri3553
http://doi.org/10.1371/journal.ppat.1005784
http://doi.org/10.1038/s41467-017-00959-w
http://doi.org/10.1016/j.jim.2010.08.009
http://doi.org/10.1016/j.jneuroim.2003.09.018
http://www.ncbi.nlm.nih.gov/pubmed/14698843
http://doi.org/10.1016/B978-0-12-415847-4.00071-9
http://doi.org/10.3967/BES2020.066
http://www.ncbi.nlm.nih.gov/pubmed/32807268
http://doi.org/10.1016/S0022-1759(96)00165-2
http://doi.org/10.1212/WNL.42.1.149
http://doi.org/10.1099/vir.0.005041-0
http://doi.org/10.1016/j.vaccine.2011.10.017
http://doi.org/10.1002/1521-4141(200108)31:8&lt;2338::AID-IMMU2338&gt;3.0.CO;2-V
http://doi.org/10.1073/pnas.0404772101
http://doi.org/10.1016/S0165-5728(02)00316-8
http://doi.org/10.1016/j.vaccine.2004.11.067
http://doi.org/10.1089/dna.2009.0940
http://www.ncbi.nlm.nih.gov/pubmed/20025536
http://doi.org/10.1016/j.vetmic.2007.03.032
http://doi.org/10.4049/jimmunol.181.1.768
http://www.ncbi.nlm.nih.gov/pubmed/18566443
http://doi.org/10.1016/j.vaccine.2005.12.051
http://www.ncbi.nlm.nih.gov/pubmed/16455168
http://doi.org/10.1016/S0304-3940(03)00907-8
http://doi.org/10.1016/j.vaccine.2009.10.134
http://doi.org/10.1016/j.vaccine.2018.10.057


Int. J. Mol. Sci. 2022, 23, 10629 12 of 12

49. Abdelaziz, D.H.; Thapa, S.; Abdulrahman, B.; Lu, L.; Jain, S.; Schatzl, H.M. Immunization of Cervidized Transgenic Mice with
Multimeric Deer Prion Protein Induces Self-Antibodies That Antagonize Chronic Wasting Disease Infectivity in Vitro. Sci. Rep.
2017, 7, 10538. [CrossRef]

50. Abdelaziz, D.H.; Thapa, S.; Brandon, J.; Maybee, J.; Vankuppeveld, L.; McCorkell, R.; Schätzl, H.M. Recombinant Prion Protein
Vaccination of Transgenic Elk PrP Mice and Reindeer Overcomes Self-Tolerance and Protects Mice against Chronic Wasting
Disease. J. Biol. Chem. 2018, 293, 19812–19822. [CrossRef]

51. Kaiser-Schulz, G.; Heit, A.; Quintanilla-Martinez, L.; Hammerschmidt, F.; Hess, S.; Jennen, L.; Rezaei, H.; Wagner, H.; Schätzl,
H.M. Polylactide-Coglycolide Microspheres CoEncapsulating Recombinant Tandem Prion Protein with CpG-Oligonucleotide
Break Self-Tolerance to Prion Protein in Wild-Type Mice and Induce CD4 and CD8 T Cell Responses. J. Immunol. 2007, 179,
2797–2807. [CrossRef]

52. Peretz, D.; Williamson, R.A.; Kaneko, K.; Vergara, J.; Leclerc, E.; Schmitt-Ulms, G.; Mehlhorn, I.R.; Legname, G.; Wormald, M.R.;
Rudd, P.M.; et al. Antibodies Inhibit Prion Propagation and Clear Cell Cultures of Prion Infectivity. Nature 2001, 412, 739–743.
[CrossRef] [PubMed]

53. Korth, C.; Stierli, B.; Streit, P.; Moser, M.; Schaller, O.; Fischer, R.; Schulz-Schaeffer, W.; Kretzschmar, H.; Raeber, A.; Braun, U.; et al.
Prion (PrP(Sc))-Specific Epitope Defined by a Monoclonal Antibody. Nature 1997, 390, 74–77. [CrossRef] [PubMed]

54. Féraudet, C.; Morel, N.; Simon, S.; Volland, H.; Frobert, Y.; Créminon, C.; Vilette, D.; Lehmann, S.; Grassi, J. Screening of 145
Anti-PrP Monoclonal Antibodies for Their Capacity to Inhibit PrPSc Replication in Infected Cells. J. Biol. Chem. 2005, 280,
11247–11258. [CrossRef]

55. Perrier, V.; Solassol, J.; Crozet, C.; Frobert, Y.; Mourton-Gilles, C.; Grassi, J.; Lehmann, S. Anti-PrP Antibodies Block PrPSc
Replication in Prion-Infected Cell Cultures by Accelerating PrPC Degradation. J. Neurochem. 2004, 89, 454–463. [CrossRef]
[PubMed]

56. Heppner, F.L.; Musahl, C.; Arrighi, I.; Klein, M.A.; Rülicke, T.; Oesch, B.; Zinkernagel, R.M.; Kalinke, U.; Aguzzi, A. Prevention of
Scrapie Pathogenesis by Transgenic Expression of Anti-Prion Protein Antibodies. Science 2001, 294, 178–182. [CrossRef]

57. Stills, H.F. Adjuvants and Antibody Production: Dispelling the Myths Associated with Freund’s Complete and Other Adjuvants.
ILAR J. 2005, 46, 280–293. [CrossRef]

58. Petrovsky, N. Comparative Safety of Vaccine Adjuvants: A Summary of Current Evidence and Future Needs. Drug Saf. 2015,
38, 1059. [CrossRef]

59. Onyilagha, C.; Uzonna, J.E. Host Immune Responses and Immune Evasion Strategies in African Trypanosomiasis. Front Immunol.
2019, 10, 2738. [CrossRef]

60. Frontzek, K.; Bardelli, M.; Senatore, A.; Henzi, A.; Reimann, R.R.; Bedir, S.; Marino, M.; Hussain, R.; Jurt, S.; Meisl, G.; et al. A
Conformational Switch Controlling the Toxicity of the Prion Protein. Nat. Struct. Mol. Biol. 2022, 29, 831–840. [CrossRef]

61. Golde, W.T.; Gollobin, P.; Rodriguez, L.L. A Rapid, Simple, and Humane Method for Submandibular Bleeding of Mice Using a
Lancet. Lab. Anim. 2005, 34, 39–43. [CrossRef]

62. Chandler, R.L. Encephalopathy in Mice Produced by Inoculation with Scrapie Brain Material. Lancet 1961, 1, 1378–1379. [CrossRef]
63. Polymenidou, M.; Verghese-Nikolakaki, S.; Groschup, M.; Chaplin, M.J.; Stack, M.J.; Plaitakis, A.; Sklaviadis, T. A Short

Purification Process for Quantitative Isolation of PrPSc from Naturally Occurring and Experimental Transmissible Spongiform
Encephalopathies. BMC Infect. Dis. 2002, 2, 23. [CrossRef] [PubMed]

http://doi.org/10.1038/s41598-017-11235-8
http://doi.org/10.1074/jbc.RA118.004810
http://doi.org/10.4049/jimmunol.179.5.2797
http://doi.org/10.1038/35089090
http://www.ncbi.nlm.nih.gov/pubmed/11507642
http://doi.org/10.1038/36337
http://www.ncbi.nlm.nih.gov/pubmed/9363892
http://doi.org/10.1074/jbc.M407006200
http://doi.org/10.1111/j.1471-4159.2004.02356.x
http://www.ncbi.nlm.nih.gov/pubmed/15056288
http://doi.org/10.1126/science.1063093
http://doi.org/10.1093/ilar.46.3.280
http://doi.org/10.1007/s40264-015-0350-4
http://doi.org/10.3389/fimmu.2019.02738
http://doi.org/10.1038/s41594-022-00814-7
http://doi.org/10.1038/laban1005-39
http://doi.org/10.1016/S0140-6736(61)92008-6
http://doi.org/10.1186/1471-2334-2-23
http://www.ncbi.nlm.nih.gov/pubmed/12370086

	Introduction 
	Results 
	Generation of Engineered T. brucei with Prion Peptide Expressing Surface VSG 
	Immunization with the Trypanosomes Leads to the Production of Anti-PrP Antibodies 
	Immunization Provides Partial Protection in a Murine Model of Prion Diseases 

	Discussion 
	Materials and Methods 
	Generation of Expression Plasmids 
	Trypanosoma Brucei Growth and Transfection 
	Flow Cytometry 
	Immunization and Bioassay 
	Western Blotting 

	References

