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Abstract: Parkinson’s disease (PD) and dementia with Lewy bodies (DLB) are characterized by the
aberrant accumulation of intracytoplasmic misfolded and aggregated α-synuclein (α-Syn), resulting
in neurodegeneration associated with inflammation. The propagation of α-Syn aggregates from cell
to cell is implicated in the spreading of pathological α-Syn in the brain and disease progression. We
and others demonstrated that antibodies generated after active and passive vaccinations could inhibit
the propagation of pathological α-Syn in the extracellular space and prevent/inhibit disease/s in the
relevant animal models. We recently tested the immunogenicity and efficacy of four DNA vaccines on
the basis of the universal MultiTEP platform technology in the DLB/PD mouse model. The antibodies
generated by these vaccines efficiently reduced/inhibited the accumulation of pathological α-Syn
in the different brain regions and improved the motor deficit of immunized female mice. The
most immunogenic and preclinically effective vaccine, PV-1950D, targeting three B-cell epitopes of
pathological α-Syn simultaneously, has been selected for future IND-enabling studies. However, to
ensure therapeutically potent concentrations of α-Syn antibodies in the periphery of the vaccinated
elderly, we developed a recombinant protein-based MultiTEP vaccine, PV-1950R/A, and tested its
immunogenicity in young and aged D-line mice. Antibody responses induced by immunizations
with the PV-1950R/A vaccine and its homologous DNA counterpart, PV-1950D, in a mouse model of
PD/DLB have been compared.

Keywords: Parkinson’s disease; Alzheimer’s disease; MultiTEP platform; DNA and protein MultiTEP-
based vaccines; immunogenicity; anti-α-synuclein antibodies; α-synuclein pathology

1. Introduction

Not only extracellular pathological amyloid-β (Aβ) but also cell-to-cell transmission
of intracellular misfolded tau and α-Syn molecules are implicated in the progression of
Alzheimer’s disease (AD) as well as various tauopathies and α-synucleopathies [1]. This
propagation of disease-related misfolded proteins provides critical insights into the mecha-
nism of pathological progression of different proteinopathies, including Parkinson’s disease
(PD) and dementia with Lewy bodies (DLB). The reduction of accumulation of misfolded
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proteins by passive administrations of animal models with antibodies suggests that propa-
gation is likely the central mechanism of progression of AD/PD/DLB [2–10]. Interestedly,
preclinical data with immunotherapy partially supported clinical results obtained after
administrations of diseased people with fully human or humanized monoclonal antibodies
(mAb) specific to Aβ, tau, or α-Syn [11–17]. More specifically, mAb reduce/inhibit the
accumulation of aggregated Aβ, tau, or α-Syn in the brains of passively vaccinated peo-
ple but failed to significantly slow disease progression, likely because the treatment was
initiated too late. These results support our long-standing tenet that antibodies specific
to misfolded proteins could work as a preventive, not therapeutic, treatment. However,
due to the complexity of neurodegenerative diseases, the cost, and the need for frequent
(monthly) intravenous injections of asymptomatic people with high concentrations of mon-
oclonal antibodies, passive vaccination is not practical as a preventive measure. By contrast,
immunogenic active vaccines have been used as preventive measures for over a hundred
years. Thus, to develop an immunogenic vaccine, we first created a universal vaccine
platform, MultiTEP. MultiTEP can overcome self-tolerance in vaccinated individuals by
activating both naïve and memory Th cells and can minimize the variability in immune
responses due to HLA diversity in humans [18,19]. By attaching B cell epitopes of Aβ,
tau, or α-Syn to the MultiTEP platform, we have developed vaccines that induce high
titers of antibodies in inbred mouse models of AD/PD and outbred non-human primates
possessing MHC class II gene polymorphism similar to humans.

Using MultiTEP platform technology, we developed four DNA vaccines targeting B-
cell epitopes of hα-Syn spanning aa85-99 (PV-1947D), aa109-126 (PV-1948D), and aa126-140
(PV-1949D) separately, as well as all of three B-cell epitopes simultaneously (PV-1950D).
Immunizations of wild-type mice [20] and a mouse model of PD/DLB [21] with these
DNA vaccines resulted in the production of antibodies and significant reduction of the
total and protein-kinase-resistant hα-Syn, as well as neurodegeneration in a sex-dependent
manner. On the basis of the immunogenicity and efficacy data, we selected for future
studies PV-1950D, targeting all three B-cell epitopes of α-Syn concurrently.

Although DNA vaccines offer advantages (being easy to manufacture, more stable,
less expensive, etc.), setbacks include the requirement of special devices for the delivery
of plasmid through the plasma and nuclear membranes of host cells (e.g., electroporation,
gene gun, or needle-free syringes) [22]. Moreover, even with these delivery systems,
DNA vaccine immunogenicity in humans has been significantly less than expected from
preclinical studies in small animals and non-human primates [23,24], and, therefore, is not
currently applicable for mass vaccination. This report focuses on developing a homologous
recombinant protein vaccine, PV-1950R, and comparing the immunogenicity of PV-1950R
formulated in AdvaxCpG adjuvant (PV-1950R/A) with its DNA counterpart PV-1950D in
the same mouse model of DLB/PD.

2. Results
2.1. Immunogenicity of Recombinant Protein Vaccine, PV-1950R/A, in Young and Old
D-Line Mice

We immunized young and aged D-line mice with PV-1950R/A, a universal MultiTEP
platform-based adjuvanted protein vaccine, and analyzed the humoral immune responses.
In young mice, PV-1950R/A induced high titers of antibodies specific to all three B-cell
epitopes of α-Syn, spanning aa85–99, aa109–126, and aa126–140 (Table 1). However, the end-
point titers of antibodies specific to the aa85–99 epitope were lower than antibodies specific
to aa109–126 (ns) and significantly lower than antibodies specific to the aa126–140 epitope
(p < 0.01). Titers of antibodies specific to full-length α-Syn were significantly higher than
antibody titers to each epitope separately (p < 0.0001). Next, we tested the immunogenicity
of PV-1950R/A in 12–14-month-old D line mice with established DLB/PD-like pathology.
Like young mice, immunized aged animals generated antibodies specific to all three B-
cell antigenic determinants of human α-Syn, and the response level to full-length α-Syn
was significantly higher. However, unlike young mice, the old DLB/PD mice generated
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equal levels of antibodies specific to peptides spanning aa85–99, aa109–126, and aa126–140
(Table 1). Although antibody titers, in general, were very high in all mice, titers to peptides
aa109–126 and aa126–140 and full-length α-Syn were significantly higher in young mice
than in old mice. In summary, the PV-1950R/A vaccine induced high titers of antibodies in
both young and old mouse models of DLB/PD. Still, it was less immunogenic in aged mice
with established α-Syn pathology, likely due to age-related immunosenescence.

Table 1. PV-1950R/A adjuvanted protein vaccine is immunogenic in young and aged D line mouse
model of PD/DLB.

Age of D-Line Mice at
the Start of

Immunization #

Endpoint Titers (±SEM) of Antibodies Binding to Three B cell Epitopes of α-Syn and Full-Length
α-Syn

aa 85-99 aa 109-126 aa 126-140 α-Syn

2-4 mo old 1:16236 ±6 860 1:61000 ± 11685 1:179600 ± 43634 1:616667 ± 43124

12-14 mo old 1:11865 ± 5109 1:10453 ± 4196 1:12082 ± 7686 1:231000 ± 25438

p value 0.6312 0.0016 0.0035 <0.0001
# Mice of both sexes, after vaccinations with PV-1950R/A, generated similar levels of anti-hα-Syn antibodies.

2.2. Comparison of Humoral Immune Responses in D-Line Mice Vaccinated with PV-1950D and
PV-1950R/A

We recently reported the immunogenicity of the PV-1950D DNA (Figure 1A) vaccine
in D-line mice, a model of PD/DLB-mimicking synucleinopathies, at 2–4 months of age at
the start of immunization.

These published data showed that immunizations induced high titers of antibodies
binding to three B-cell antigenic determinants of pathological α-Syn simultaneously, re-
ducing total and protein-kinase-resistant α-Syn, as well as neurodegeneration [21]. In
this study, we developed PV-1950R, a recombinant protein counterpart (Figure 1B) to the
DNA vaccine and compared the humoral immune responses of PV-1950D and PV-1950R
formulated in AdvaxCpG adjuvant (PV-1950R/A). The results demonstrated that 100% of D
line mice immunized with either DNA- or protein-based vaccines induced robust humoral
immune responses (Figure 1D). Interestingly, and unexpectedly, mice immunized with
PV-1950D induced a higher level of antibodies than mice vaccinated with the adjuvanted
protein vaccine PV-1950R/A (p≤ 0.01). However, variability of humoral immune responses
in individual animals was also higher in the case of PV-1950D, likely because of the more
complex administration method (e.g., immunization followed by electroporation with an
AgilePulse device).

It is known that Th1-type pro-inflammatory immune responses are essential for the pro-
tection against viral infections and cancer, whereas Th2-type anti-inflammatory responses
have generally been shown to inhibit autoimmune diseases. In mice, the production of IgG1
antibody is primarily induced by Th2 cytokines, whereas the production of IgG2a/c anti-
body reflects the involvement of Th1 cytokines [25–29]. Thus, we measured the production
of IgG1, IgG2a/c, and IgG2b anti-α-Syn antibodies generated by PV-1950R/A (Figure 1D)
and compared it with that in mice immunized with PV-1950D (Figure 1C). The data demon-
strated that immunization with adjuvanted PV-1950R/A induced similar levels of IgG1
and IgG2b antibodies and a significantly lower level of IgG2a/c antibodies (p ≤ 0.0001).
IgG1/IgG2a/c ratio was equal to 4, suggesting that vaccination with PV-1950R/A induces
polarized humoral immune responses towards the anti-inflammatory Th2 phenotype. On
the contrary, mice immunized with electroporation-mediated delivery of DNA vaccine,
PV-1950D, produced an equal amount of IgG1 and IgG2a/c antibodies specific to hα-Syn
(IgG1/IgG2a/c ratio = 0.87), suggesting Th1/Th2 mixed immune response.
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Figure 1. Schematic representation of (A) PV-1950D plasmid and (B) PV-1950R recombinant protein
vaccines. (C) Schedule of immunization of hα-Syn Tg D line mice with DNA- and recombinant-
protein-based vaccines. PV-1950D plasmid DNA was injected intramuscularly, followed by electrical
pulses with an AgilePulse electroporation device. PV-1950R recombinant protein was formulated with
AdvaxCpG adjuvant (PV-1950R/A) and injected intramuscularly. (D) Titers of anti-Syn antibodies
induced by PV-1950R/A (n = 13) and PV-1950D (n = 15) MultiTEP-based epitope vaccines in hα-
Syn Tg D line mice (** p ≤ 0.01). (E) PV-1950R/A induced equal amounts of IgG1 and IgG2b and
significantly lower amounts of IgG2a/c (p < 0.0001) and IgM (p < 0.0001) antibodies; the mean ratio
IgG1/IgG2a/c was 4. (F) PV-1950D induced similar levels of IgG1 and IgG2a/c antibodies, while the
level of IgG2b antibodies was significantly (p ≤ 0.0001) higher, and the level of IgM was significantly
lower (p < 0.0001); the mean ratio IgG1/IgG2a/c was 0.87. Isotypes of antibodies were detected at
indicated dilutions of sera collected from individual mice after the fourth immunization. Statistical
analysis of isotypes was performed using data obtained from a 1:3000 dilution of sera using one-way
ANOVA. Error bars indicate the mean values of antibody titers ± SEM.
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We also measured the relative avidity of IgG antibodies purified from the sera of
mice immunized with PV-1950R/A and PV-1950D vaccines. Data presented in Figure 2
indicate that immunizations with both vaccines induced the production of antibodies
with comparable relative avidity. The area under the ROC curve was 0.6 (95% confidence
interval), and the P-value was 0.3708. The concentration of sodium thiocyanate required
to dissociate 50% of antibodies (half-maximal effective dose, ED50) generated by PV-
1950D was only slightly lower (0.18 M) than that for antibodies generated by PV-1950R/A
(0.25 M).
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Figure 2. PV-1950R/A vaccine induced antibodies with slightly higher avidity for binding with
hα-Syn protein than PV-1950D. Relative avidity for antibody–antigen binding was determined using
sodium thiocyanate (NaSCN) displacement enzyme-linked immunosorbent assay (ELISA). The
effective concentration of NaSCN required to release 50% of antiserum from the ELISA plate (half-
maximal effective dose (ED50)) was 0.25 M for PV-1950R/A and 0.18 M for PV-1950D. ROC AUC
score −0.6, P = 0.3708. The concentration of antibodies was 80 ng/mL.

Previously, we reported that IgG antibodies generated in wild-type mice immunized
with PV-1950D recognized LB in the brain sections from several DLB cases [20]. In this
study, we analyzed the binding of IgG antibodies purified from sera of mice vaccinated
with the PV-1950R/A and PV-1950D to the amygdala sections of brains from DLB/AD
combined pathology case (#41-04) characterized at UCI Brain Bank and Tissue Repository.
The staining with Amylo-Glo, anti-total tau mAb, and antibodies specific to three B cell
epitopes of hα-Syn, purified from sera of mice vaccinated with PV-1950R/A and PV-1950D,
is shown in Figure 3A,B. The data demonstrated that antibodies purified from sera of mice
immunized with either PV-1950D or PV-1950R/A recognized pathological hα-Syn in the
amygdala regions of the brains from DLB/AD cases. Importantly, antibodies generated
with both vaccines recognized LBs in the same brain regions as localized tau tangles and
amyloid plaques (Figure 3). Of note, and as expected, these antibodies specific to three
B-cell epitopes (aa85–99, aa109–126, and aa126–140) of hα-Syn did not stain control brains
from non-DLB/AD cases (data not shown).
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Figure 3. IgG antibodies induced by PV-1950R/A (A) and PV-1950D (B) vaccines in D line hα-Syn
Tg mice recognized LBs in the brains from DLB/AD cases. Co-staining of the brain sections with
anti-α-Syn antibodies induced either by PV-1950R/A or PV-1950D (green), Amylo-Glo (blue), and
rabbit anti-total hTau antibodies (red), showing the presence of LB, amyloid plaques, and tau tangles
in amygdala sections of DLB/AD brain, respectively. Magnification 40×, scale bar 20 µm.

3. Discussion

Nucleic acid vaccination provides a unique alternative immunization method; DNA
constructs are relatively safe, cost- and time-efficient, and do not require toxic conventional
adjuvants [22,30,31]. While recently, one DNA and two RNA vaccines for COVID-19
have been approved for emergency use, most vaccines for human use are still based on
recombinant protein technology. These preventive adjuvanted vaccines induce strong
humoral and cellular immune responses against various pathogens in humans [32]. This is
why, in this study, we decided to develop a counterpart of PV-1950D, a recombinant protein
vaccine, PV-1950R, and compare their immunogenicity in a mouse model of DLB/PD.

Our recently published results [20,21,33] and data presented above argue that both
vaccines, on the basis of the MultiTEP platform, can induce high titers of anti-α-Syn
IgG antibodies in young and old D line mice of both sexes. Importantly, either DNA-
or recombinant-protein-based vaccines induced high titers of IgG antibodies that bind
to hα-Syn with similar avidity. Nevertheless, vaccination of mice with PV-1950D gener-
ated Th1/Th2 mixed immune responses, while PV-1950R/A polarized humoral immune
responses toward anti-inflammatory Th2 phenotype that might be beneficial for future
human trials. These results are consistent with our previously published data in AD mice
immunized with MultiTEP-based vaccines targeting Aβ and tau pathology separately or
simultaneously [34–37].

It is known that hα-Syn pathology in AD is associated with a more aggressive disease
course and accelerated cognitive dysfunction [38]. Our data supported this observation
and demonstrated that IgG antibodies purified from mice vaccinated with PV-1950R/A
and PV-1950D recognized pathological hα-Syn in amygdala (Amy) sections of brains
from DLB/AD cases. Using confocal microscopy, we also demonstrated the regional co-
occurrence of pathological α-Syn with pathological tau and Aβ plaques in brain sections
from the DLB/AD case, although we had not observed any colocalization previously
reported by [39].
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Preclinical data reported here and in [20,21,33] on vaccines for PD/DLB along with
published results with Aβ and tau vaccines for AD [34,36,40–44] suggest that preventive
vaccines based on universal MultiTEP platform technology could (i) overcome self-tolerance
by inducing Th cell responses to MultiTEP, but not to self-Aβ, tau, or α-Syn B-cell epi-
topes; (ii) induce therapeutically potent concentrations of antibodies in the majority of
vaccinated subjects; (iii) minimize variability of immune responses due to HLA diversity
in humans [18,19]; and (iv) augment antibody production through activation of not only
naïve Th cells, but also pre-existing memory Th cells [44], which will be especially beneficial
for elderly patients with a significant decrease in the subpopulation of naïve Th cells in
the elderly [45,46]. We further hypothesized that antibodies raised in humans immunized
with MultiTEP-based preventive vaccines could reduce/inhibit aggregation of misfolded
proteins involved in the pathogenesis of DLB/PD/AD and delay the disease onset. Delay-
ing the pathology of DLB/PD/AD, even for several years, would have profound clinical,
societal, and financial ramifications for the entire population affected by these diseases,
including the patients and their caregivers. Thus, we intend that the adjuvanted protein
vaccine, after completion of the IND-enabling efficacy, CMC, and safety/toxicity studies,
could be transferred to clinical trials.

4. Materials and Methods
4.1. Mice

Female and male mice of C57BL6/DBA2 background (H-2b/d) over-expressing trans-
genic (Tg) hα-Syn under the PDGF-β promoter (D Line) were used in this study. Mice were
2–4 months (young) or 12–14 months (old) old at the start of immunization. All animals
were housed in a temperature- and light-cycle-controlled facility, and their care was under
the guidelines of NIH and an approved IACUC protocol at UC Irvine.

4.2. Vaccines

The generation of the PV-1950D DNA vaccine was described previously [20]. Briefly,
minigene encoding signal sequence, three copies of each B-cell epitopes aa85–99, aa109–126,
and aa126–140 {3 × (aa126–140) plus 3 × (aa109–126) plus 3 × (aa85–99)} has been lig-
ated with a gene encoding MultiTEP composed of a string of 12 foreign Th epitopes [40]
and cloned into the pVAX1 vector (Invitrogen, Carlsbad, CA, USA). Immunization-grade
plasmids were purified from E. coli by Aldevron (Madison, WI, USA), and the correct
sequences of the generated plasmids were confirmed by nucleotide sequence analysis.

For the generation of PV-1950R recombinant protein, minigene PV-1950 was amplified
by PCR using forward 5′-TCCAGGTTCCCATATGGAAATGCCTTCTGAGGAAGG and
reverse: 5′-CTCGAGTGATTCAGCGATGCTCAGGG primers and subcloned into the E. coli
expression vector pET24a (Novagen, Cambridge, MA, USA) in frame with 6xHis-Tag at
the C-terminus. The correct sequence of the generated plasmid (PV-1950R) was confirmed
by nucleotide sequence analysis. The recombinant protein was purified from E. coli BL21
(DE3) cells transformed with PV-1950R plasmid as described [43,47] and analyzed in 10%
Bis-Tris gel electrophoresis (NuPAGE Novex Gel, Invitrogen, CA, USA). The specificity of
bands was confirmed by Western blot (WB) using polyclonal antibodies [20]. Endotoxin
levels were measured using E-TOXATE kits, as recommended by the manufacturer (Sigma,
St Louis, MO, USA).

4.3. Immunization of Mice

The immunization of mice with PV-1950D was described previously. Briefly, 2.5–3.5-
month-old male (M) and female (F) mice (n = 6M/7F) were administered intramuscularly
(30 µL) with 20 µg of vaccine, and immediately electrical pulses were applied using the
AgilePulseTM device from BTX Harvard Apparatus [20]. Two groups of female and male
young (2–4-month-old, n = 4M/11F) and old (12–14-month-old, n = 5M/5F) D line mice
were immunized intramuscularly (50 µL) with PV-1950R (20 µg protein/mouse/injection),
formulated with AdvaxCpG (Vaxine Pty Ltd., Adelaide, Australia) adjuvant at 1 mg/mouse/
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injection (designated as PV-1950R/A vaccine). Mice in both groups were immunized four
times at weeks 0, 2, 6, and 10. The sera collected before injection (pre-bleed) and on the
14th day after the last immunization were used to analyze the humoral immune responses
and purification of antibodies.

4.4. Detection of Antibody Titers and Isotypes

The endpoint titers of immunogen-induced antibodies were detected via ELISA, as
described previously [33]. Briefly, the wells of the ELISA plates were coated with 1 µg/mL
of hα-Syn protein (rPeptide) or the appropriate peptide (hα-Syn85–99, hα-Syn109–126, and
hα-Syn126–140) synthesized at Genscript. Serial dilutions (from 1:1000 to 1:2,430,000) of
immune sera were added to the wells. After incubation and washing, an appropriate HRP-
conjugated IgG, goat anti-mouse IgG (1:2500 Jackson ImmunoResearch Laboratories, West
Grove, PA, USA), was used as a secondary antibody. Plates were incubated and washed,
and the reaction was developed by adding 3,3′,5,5′ tetramethylbenzidine (Pierce, IL, USA)
substrate solution and stopped with 2N H2SO4. The optical density was read at 450 nm
(FilterMax F5). Endpoint titers were calculated as the reciprocal of the highest sera dilution
that gave a reading three times above the background levels of binding of non-immunized
sera at the same dilution (cutoff). HRP-conjugated anti-IgG1, IgG2a, IgG2c, IgG2b, and
IgM-specific antibodies (Bethyl Laboratories, Inc., Montgomery, TX, USA) were used to
characterize the isotype profiles of anti-hα-Syn antibodies in individual sera collected after
the fourth immunization at dilutions of 1:1000, 1:3000, 1:9000, and 1:27,000.

4.5. Measuring Avidity of Antibodies

Purification of anti-hα-Syn antibodies: Anti-hα-Syn antibodies from sera of mice im-
munized with PV-1950D and PV-1950R/A vaccines were purified by an affinity column
(SulfoLink, ThermoFisher Sci., Waltham, MA, USA) using an immobilized α-Syn85–99-C,
α-Syn109–126-C, and α-Syn126–140-C peptides (GenScript Company, Piscataway, NJ, USA).
Sera were divided into three equal volumes. Each aliquot was purified by a column immo-
bilized with one of three peptides, according to manufacturer recommendations. Purified
antibodies were analyzed via 10% Bis-Tris gel (ThermoFisher Sci.), and the concentrations
were determined using a BCA protein assay kit (ThermoFisher Sci.). Equal amounts of
α-Syn85–99, α-Syn109–126, and α-Syn126–140 antibodies were mixed for avidity measurement.

Binding avidity: Sodium thiocyanate (NaSCN) displacement ELISAs were performed
by the method described by Richmond et al. [48]. Concentrations of purified antibodies
from the sera of mice immunized with PV-1950D and PV-1950R/A were equalized to
80 µg/mL. Bound antibody was detected as described above, except that after incubation
with primary antibodies, plates were washed three times with TTBS (TBS buffer containing
0.5% Tween 20); incubated with TBS buffer containing 0, 0.5, 1, 1.5, 2, 2.5, and 3.5 M NaCSN
for 15 min; and then washed six more times with TTBS. The results were expressed as the
percentage of the concentration of antibodies in the absence of NaSCN. The half-maximal
effective dose (ED50) was calculated as the concentration of NaCSN required for the release
of 50% of antibodies from the ELISA plate.

4.6. Detection of hα-Syn in Human Brain Tissues from AD/DLB Cases

The ability of antibodies to bind Lewy bodies (LB) in the human brain tissues and the
colocalization of LB with amyloid plaques and tau tangles was analyzed by immunofluo-
rescence, as we previously described [34]. Briefly, 40 µm brain sections of formalin-fixed
frontal cortical (FCx) and amygdala (Amy) tissues from typical AD/DLB case was ob-
tained from the UCI MiND Brain Bank and Tissue Repository with the following neu-
ropathology: tangle stage 6, Aβ plaque stage C, LB detected in substantia nigra, amygdala,
frontal/temporal/parietal/rostral cingulate, locus coeruleus, and innominate substance.
After pretreatment with citrate buffer, sections were stained with Amylo-GloTM RTD Amy-
loid Plaque Stain Reagent (Biosensis, Thebarton, Australia) (1:100 dilution), then with rabbit
anti-hTau mAb (Abcam, 1:250 dilution) and α-synuclein (2 µg/mL) primary antibodies
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purified from sera of mice immunized with PV-1950D and PV-1950R/A. Sections were
then incubated in conjugated secondary antibodies (anti-mouse-488 and anti-rabbit-555 at
1:400 dilutions, Invitrogen) and mounted on microscope slides. Immunofluorescent sec-
tions were then visualized and captured using an Olympus FX 1200 confocal microscope,
with identical laser and detection settings across a given immunolabel. LB, Tau tangles,
and Aβ-plaques were visualized using Z-stack maximum-projection images taken through
the entire depth of the section at 1 µm intervals.

4.7. Statistical Analysis

Statistical parameters (mean, standard deviation (SD), significant difference, etc.) were
calculated using the Prism 9.3.1 software (GraphPad Software, Inc., San Diego, CA, USA).
Statistically significant differences were examined using analysis of variance (ordinary
one-way ANOVA) and Tukey’s multiple comparisons post-test or unpaired t-test (a p-value
of less than 0.05 was considered significant).

5. Conclusions

In sum, in this study, we tested the immunogenicity of DNA and recombinant protein
counterparts of MultiTEP-platform-based vaccines, targeting three B-cell epitopes of α-Syn.
Both vaccines induced the production of high titers of antibodies in hα-Syn/Tg D line
mice. The DNA-based vaccine induced a mixed Th2/Th1 phenotype, while the adjuvanted
protein vaccine induced the Th2 phenotype of immune responses. Antibodies produced by
both vaccines are bound to Lewy bodies in brain sections of patients with AD/DLB.

Author Contributions: Conceptualization, A.G., E.M., M.G.A., M.B.-J. and D.H.C.; methodology,
H.D. and A.G.; investigation, K.Z., A.H., I.P., T.A., S.K.S. and G.C.; supervision, M.G.A.; writing—
original draft preparation, A.G. and I.P.; writing—review and editing, E.M. and M.G.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by funding from National Institutes of Health: grants No.
R01AG20241, R01NS050895, and U01AG060965. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the NIH. Additional support for human case
tissues was provided by University of California, Irvine Alzheimer’s Disease Research Center Grant
P30AG066519.

Institutional Review Board Statement: All animal procedures were performed in accordance with
the National Institutes of Health’s Guide for the Care and Use of Laboratory Animals and in com-
pliance with an approved IACUC (Institutional Animal Care and Use Committee) protocol at the
University of California Irvine (UCI).

Informed Consent Statement: All authors consented to the publication of this study.

Data Availability Statement: All data generated or analyzed during this study are included in this
article, and materials are available from the corresponding author on reasonable request.

Acknowledgments: We thank Olga King, Institute for Molecular Medicine, for help in performing
antibody isotyping for revised manuscript.

Conflicts of Interest: M.G.A. and A.G. are co-founders of Nuravax, which licensed MultiTEP vaccine
platform technology from the Institute for Molecular Medicine. The remaining authors declare that
they have no competing interests.

References
1. Luk, K.C.; Kehm, V.M.; Zhang, B.; O’Brien, P.; Trojanowski, J.Q.; Lee, V.M. Intracerebral inoculation of pathological alpha-

synuclein initiates a rapidly progressive neurodegenerative alpha-synucleinopathy in mice. J. Exp. Med. 2012, 209, 975–986.
[CrossRef] [PubMed]

2. Castonguay, A.M.; Gravel, C.; Levesque, M. Treating Parkinson’s Disease with Antibodies: Previous Studies and Future Directions.
J. Parkinson’s Dis. 2021, 11, 71–92. [CrossRef] [PubMed]

3. Tran, H.T.; Chung, C.H.; Iba, M.; Zhang, B.; Trojanowski, J.Q.; Luk, K.C.; Lee, V.M. Alpha-synuclein immunotherapy blocks
uptake and templated propagation of misfolded alpha-synuclein and neurodegeneration. Cell. Rep. 2014, 7, 2054–2065. [CrossRef]
[PubMed]

http://doi.org/10.1084/jem.20112457
http://www.ncbi.nlm.nih.gov/pubmed/22508839
http://doi.org/10.3233/JPD-202221
http://www.ncbi.nlm.nih.gov/pubmed/33104039
http://doi.org/10.1016/j.celrep.2014.05.033
http://www.ncbi.nlm.nih.gov/pubmed/24931606


Int. J. Mol. Sci. 2022, 23, 6080 10 of 11

4. Boutajangout, A.; Ingadottir, J.; Davies, P.; Sigurdsson, E.M. Passive immunization targeting pathological phospho-tau protein in
a mouse model reduces functional decline and clears tau aggregates from the brain. J. Neurochem. 2011, 118, 658–667. [CrossRef]

5. Yanamandra, K.; Kfoury, N.; Jiang, H.; Mahan, T.E.; Ma, S.; Maloney, S.E.; Wozniak, D.F.; Diamond, M.I.; Holtzman, D.M. Anti-tau
antibodies that block tau aggregate seeding in vitro markedly decrease pathology and improve cognition in vivo. Neuron 2013,
80, 402–414. [CrossRef]

6. Masliah, E.; Rockenstein, E.; Mante, M.; Crews, L.; Spencer, B.; Adame, A.; Patrick, C.; Trejo, M.; Ubhi, K.; Rohn, T.T.; et al. Passive
immunization reduces behavioral and neuropathological deficits in an alpha-synuclein transgenic model of Lewy body disease.
PLoS ONE 2011, 6, e19338. [CrossRef]

7. Bae, E.J.; Lee, H.J.; Rockenstein, E.; Ho, D.H.; Park, E.B.; Yang, N.Y.; Desplats, P.; Masliah, E.; Lee, S.J. Antibody-aided clearance of
extracellular alpha-synuclein prevents cell-to-cell aggregate transmission. J. Neurosci 2012, 32, 13454–13469. [CrossRef]

8. Valastyan, J.S.; Lindquist, S. Mechanisms of protein-folding diseases at a glance. Dis. Model. Mech 2014, 7, 9–14. [CrossRef]
9. Gros-Louis, F.; Soucy, G.; Lariviere, R.; Julien, J.P. Intracerebroventricular infusion of monoclonal antibody or its derived Fab

fragment against misfolded forms of SOD1 mutant delays mortality in a mouse model of ALS. J. Neurochem. 2010, 113, 1188–1199.
[CrossRef]

10. Wolfgang, W.J.; Miller, T.W.; Webster, J.M.; Huston, J.S.; Thompson, L.M.; Marsh, J.L.; Messer, A. Suppression of Huntington’s
disease pathology in Drosophila by human single-chain Fv antibodies. Proc. Natl. Acad. Sci. USA 2005, 102, 11563–11568.
[CrossRef]

11. Schenk, D.B.; Koller, M.; Ness, D.K.; Griffith, S.G.; Grundman, M.; Zago, W.; Soto, J.; Atiee, G.; Ostrowitzki, S.; Kinney, G.G.
First-in-human assessment of PRX002, an anti-alpha-synuclein monoclonal antibody, in healthy volunteers. Mov. Disord. 2017, 32,
211–218. [CrossRef] [PubMed]

12. Teng, J.S.; Ooi, Y.Y.; Chye, S.M.; Ling, A.P.K.; Koh, R.Y. Immunotherapies for Parkinson’s Disease: Progression of Clinical
Development. CNS Neurol. Disord. Drug Targets 2021, 20, 802–813. [CrossRef] [PubMed]

13. Brys, M.; Fanning, L.; Hung, S.; Ellenbogen, A.; Penner, N.; Yang, M.; Welch, M.; Koenig, E.; David, E.; Fox, T.; et al. Randomized
phase I clinical trial of anti-alpha-synuclein antibody BIIB054. Mov. Disord. 2019, 34, 1154–1163. [CrossRef] [PubMed]

14. Haeberlein, S.B.; von Hehn, C.; Tian, Y.; Chalkias, S.; Muralidharan, K.K.; Chen, T.; Wu, S.; Li, J.; Skordos, L.; Nisenbaum, L.; et al.
EMERGE and ENGAGE Topline Results: Two Phase 3 Studies to Evaluate Aducanumab in Patients with Early Alzheimer’s
Disease. In Proceedings of the 12th Clinical Trials on Alzheimer’s Disease (CTAD), San Diego, CA, USA, 4–7 December 2019.

15. Avgerinos, K.I.; Ferrucci, L.; Kapogiannis, D. Effects of monoclonal antibodies against amyloid-beta on clinical and biomarker
outcomes and adverse event risks: A systematic review and meta-analysis of phase III RCTs in Alzheimer’s disease. Ageing Res.
Rev. 2021, 68, 101339. [CrossRef] [PubMed]

16. Monteiro, C.; Toth, B.; Wildsmith, K.; Bohorquez, S.S.; Brunstein, B.; Madsen, A.; Dolton, M.; Ramakrishnan, V.; Abramzon, D.;
Teng, E. Phase 2 Trial of Semorinemab in Mild-to-Moderate Alzheimer’s Disease (Lauriet): Topline Results. In Proceedings of the
Clinical Trials on Alzheimer’s Disease, Boston, MA, USA, 9–12 November 2021.

17. Vaz, M.; Silvestre, S. Alzheimer’s disease: Recent treatment strategies. Eur. J. Pharmacol. 2020, 887, 173554. [CrossRef]
18. Penn, D.J. Major Histocompatibility Complex (MHC). Encycl. Life Sci. 2002, 1–7.
19. Tumer, G.; Simpson, B.; Roberts, T.K. Genetics, Human Major Histocompatibility Complex (MHC). In StatPearls; StatPearls

Publishing: Treasure Island, FL, USA, 2020.
20. Davtyan, H.; Zagorski, K.; Petrushina, I.; Kazarian, K.; Goldberg, N.R.S.; Petrosyan, J.; Blurton-Jones, M.; Masliah, E.; Cribbs, D.H.;

Agadjanyan, M.G.; et al. MultiTEP platform-based DNA vaccines for alpha-synucleinopathies: Preclinical evaluation of
immunogenicity and therapeutic potency. Neurobiol. Aging 2017, 59, 156–170. [CrossRef]

21. Kim, C.; Hovakimyan, A.; Zagorski, K.; Antonyan, T.; Petrushina, I.; Davtyan, H.; Chailyan, G.; Hasselmann, J.; Iba, M.;
Adame, A.; et al. efficacy and immunogenicity of MultiTEP-based DNA vaccines targeting human alpha-synuclein: Prelude for
IND enabling studies. NPJ Vaccines 2022, 7, 1. [CrossRef]

22. Eusebio, D.; Neves, A.R.; Costa, D.; Biswas, S.; Alves, G.; Cui, Z.; Sousa, A. Methods to improve the immunogenicity of plasmid
DNA vaccines. Drug Discov Today 2021, 26, 2575–2592. [CrossRef]

23. Momin, T.; Kansagra, K.; Patel, H.; Sharma, S.; Sharma, B.; Patel, J.; Mittal, R.; Sanmukhani, J.; Maithal, K.; Dey, A.; et al. Safety
and Immunogenicity of a DNA SARS-CoV-2 vaccine (ZyCoV-D): Results of an open-label, non-randomized phase I part of phase
I/II clinical study by intradermal route in healthy subjects in India. EClinicalMedicine 2021, 38, 101020. [CrossRef]

24. Shafaati, M.; Saidijam, M.; Soleimani, M.; Hazrati, F.; Mirzaei, R.; Amirheidari, B.; Tanzadehpanah, H.; Karampoor, S.; Kazemi, S.;
Yavari, B.; et al. A brief review on DNA vaccines in the era of COVID-19. Future Virol. 2021, 17, 49–66. [CrossRef]

25. Grodeland, G.; Fossum, E.; Bogen, B. Polarizing T and B Cell Responses by APC-Targeted Subunit Vaccines. Front. Immunol. 2015,
6, 367. [CrossRef] [PubMed]

26. Finkelman, F.D.; Holmes, J.; Katona, I.M.; Urban, J.F.; Beckmann, M.P.; Park, L.S.; Schooley, K.A.; Coffman, R.L.; Mossmann, T.R.;
Paul, W.E. Lymphokine control of in vivo immunoglobulin isotype selection. Ann. Rev. Immunol. 1990, 8, 303–333. [CrossRef]
[PubMed]

27. Mosmann, T.R.; Coffman, R.L. Heterogeneity of cytokine secretion patterns and functions of helper T cells. Adv. Immunol. 1989,
46, 111–147. [CrossRef] [PubMed]

28. Stevens, T.L.; Bossie, A.; Sanders, V.M.; Fernandez-Botran, R.; Coffman, R.L.; Mosmann, T.R.; Vitetta, E.S. Regulation of antibody
isotype secretion by subsets of antigen-specific helper T cells. Nature 1988, 334, 255–258. [CrossRef]

http://doi.org/10.1111/j.1471-4159.2011.07337.x
http://doi.org/10.1016/j.neuron.2013.07.046
http://doi.org/10.1371/journal.pone.0019338
http://doi.org/10.1523/JNEUROSCI.1292-12.2012
http://doi.org/10.1242/dmm.013474
http://doi.org/10.1111/j.1471-4159.2010.06683.x
http://doi.org/10.1073/pnas.0505321102
http://doi.org/10.1002/mds.26878
http://www.ncbi.nlm.nih.gov/pubmed/27886407
http://doi.org/10.2174/1871527320666210526160926
http://www.ncbi.nlm.nih.gov/pubmed/34042040
http://doi.org/10.1002/mds.27738
http://www.ncbi.nlm.nih.gov/pubmed/31211448
http://doi.org/10.1016/j.arr.2021.101339
http://www.ncbi.nlm.nih.gov/pubmed/33831607
http://doi.org/10.1016/j.ejphar.2020.173554
http://doi.org/10.1016/j.neurobiolaging.2017.08.006
http://doi.org/10.1038/s41541-021-00424-2
http://doi.org/10.1016/j.drudis.2021.06.008
http://doi.org/10.1016/j.eclinm.2021.101020
http://doi.org/10.2217/fvl-2021-0170
http://doi.org/10.3389/fimmu.2015.00367
http://www.ncbi.nlm.nih.gov/pubmed/26257735
http://doi.org/10.1146/annurev.iy.08.040190.001511
http://www.ncbi.nlm.nih.gov/pubmed/1693082
http://doi.org/10.1016/s0065-2776(08)60652-5
http://www.ncbi.nlm.nih.gov/pubmed/2528896
http://doi.org/10.1038/334255a0


Int. J. Mol. Sci. 2022, 23, 6080 11 of 11

29. Snapper, C.M.; Paul, W.E. Interferon-gamma and B cell stimulatory factor-1 reciprocally regulate Ig isotype production. Science
1987, 236, 944–947. [CrossRef]

30. Liu, M.A. A Comparison of Plasmid DNA and mRNA as Vaccine Technologies. Vaccines 2019, 7, 37. [CrossRef]
31. Pardi, N.; Hogan, M.J.; Weissman, D. Recent advances in mRNA vaccine technology. Curr. Opin. Immunol. 2020, 65, 14–20.

[CrossRef]
32. Plotkin, S.; Orenstein, W.; Offit, P.; Edwards, K.M. Plotkin’s Vaccines, 7th ed.; Elsevier: Amsterdam, The Netherlands, 2017.
33. Ghochikyan, A.; Petrushina, I.; Davtyan, H.; Hovakimyan, A.; Saing, T.; Davtyan, A.; Cribbs, D.H.; Agadjanyan, M.G. Immuno-

genicity of epitope vaccines targeting different B cell antigenic determinants of human alpha-synuclein: Feasibility study. Neurosci.
Lett. 2014, 560, 86–91. [CrossRef]

34. Davtyan, H.; Hovakimyan, A.; Kiani Shabestari, S.; Antonyan, T.; Coburn, M.A.; Zagorski, K.; Chailyan, G.; Petrushina, I.;
Svystun, O.; Danhash, E.; et al. Testing a MultiTEP-based combination vaccine to reduce Abeta and tau pathology in Tau22/5xFAD
bigenic mice. Alzheimers Res. Ther. 2019, 11, 107. [CrossRef]

35. Petrushina, I.; Hovakimyan, A.; Harahap-Carrillo, I.S.; Davtyan, H.; Antonyan, T.; Chailyan, G.; Kazarian, K.; Antonenko, M.;
Jullienne, A.; Hamer, M.M.; et al. Characterization and preclinical evaluation of the cGMP grade DNA based vaccine, AV-1959D
to enter the first-in-human clinical trials. Neurobiol. Dis. 2020, 139, 104823. [CrossRef] [PubMed]

36. Hovakimyan, A.; Antonyan, T.; Shabestari, S.K.; Svystun, O.; Chailyan, G.; Coburn, M.A.; Carlen-Jones, W.; Petrushina, I.;
Chadarevian, J.P.; Zagorski, K.; et al. A MultiTEP platform-based epitope vaccine targeting the phosphatase activating domain
(PAD) of tau: Therapeutic efficacy in PS19 mice. Sci. Rep. 2019, 9, 15455. [CrossRef] [PubMed]

37. Davtyan, H.; Chen, W.W.; Zagorski, K.; Davis, J.; Petrushina, I.; Kazarian, K.; Cribbs, D.H.; Agadjanyan, M.G.; Blurton, -J.M.;
Ghochikyan, A. MultiTEP platform-based DNA epitope vaccine targeting N-terminus of tau induces strong immune responses
and reduces tau pathology in THY-Tau22 mice. Vaccine 2017, 35, 2015–2024. [CrossRef] [PubMed]

38. McGeer, P.L.; McGeer, E.G. The alpha-synuclein burden hypothesis of Parkinson disease and its relationship to Alzheimer disease.
Exp. Neurol. 2008, 212, 235–238. [CrossRef] [PubMed]

39. Twohig, D.; Nielsen, H.M. alpha-synuclein in the pathophysiology of Alzheimer’s disease. Mol. Neurodegener 2019, 14, 23.
[CrossRef]

40. Ghochikyan, A.; Davtyan, H.; Petrushina, I.; Hovakimyan, A.; Movsesyan, N.; Davtyan, A.; Kiyatkin, A.; Cribbs, D.H.;
Agadjanyan, M.G. Refinement of a DNA based Alzheimer’s disease epitope vaccine in rabbits. Hum. Vaccin Immunother. 2013, 9,
1002–1010. [CrossRef]

41. Davtyan, H.; Ghochikyan, A.; Petrushina, I.; Hovakimyan, A.; Davtyan, A.; Cribbs, D.H.; Agadjanyan, M.G. The MultiTEP
platform-based Alzheimer’s disease epitope vaccine activates a broad repertoire of T helper cells in non-human primates.
Alzheimers Dement. 2014, 10, 271–283. [CrossRef]

42. Evans, C.F.; Davtyan, H.; Petrushina, I.; Hovakimyan, A.; Davtyan, A.; Hannaman, D.; Cribbs, D.H.; Agadjanyan, M.G.;
Ghochikyan, A. Epitope-based DNA vaccine for Alzheimer’s disease: Translational study in macaques. Alzheimers Dement. 2014,
10, 284–295. [CrossRef]

43. Davtyan, H.; Zagorski, K.; Rajapaksha, H.; Hovakimyan, A.; Davtyan, A.; Petrushina, I.; Kazarian, K.; Cribbs, D.H.; Petrovsky, N.;
Agadjanyan, M.G.; et al. Alzheimer’s disease Advax(CpG)-adjuvanted MultiTEP-based dual and single vaccines induce high-titer
antibodies against various forms of tau and Abeta pathological molecules. Sci. Rep. 2016, 6, 28912. [CrossRef]

44. Petrushina, I.; Davtyan, H.; Hovakimyan, A.; Davtyan, A.; Passos, G.F.; Cribbs, D.H.; Ghochikyan, A.; Agadjanyan, M.G.
Comparison of Efficacy of Preventive and Therapeutic Vaccines Targeting the N Terminus of beta-Amyloid in an Animal Model
of Alzheimer’s Disease. Mol. Ther. 2017, 25, 153–164. [CrossRef]

45. Goronzy, J.J.; Fang, F.; Cavanagh, M.M.; Qi, Q.; Weyand, C.M. Naive T cell maintenance and function in human aging. J. Immunol
2015, 194, 4073–4080. [CrossRef] [PubMed]

46. Derhovanessian, E.; Solana, R.; Larbi, A.; Pawelec, G. Immunity, ageing and cancer. Immun. Ageing 2008, 5, 11. [CrossRef]
[PubMed]

47. Davtyan, H.; Mkrtichyan, M.; Movsesyan, N.; Petrushina, I.; Mamikonyan, G.; Cribbs, D.H.; Agadjanyan, M.G.; Ghochikyan, A.
DNA prime-protein boost increased the titer, avidity and persistence of anti-Abeta antibodies in wild-type mice. Gene Ther. 2010,
17, 261–271. [CrossRef] [PubMed]

48. Richmond, J.F.; Lu, S.; Santoro, J.C.; Weng, J.; Hu, S.L.; Montefiori, D.C.; Robinson, H.L. Studies of the neutralizing activity and
avidity of anti-human immunodeficiency virus type 1 Env antibody elicited by DNA priming and protein boosting. J. Virol. 1998,
72, 9092–9100. [CrossRef]

http://doi.org/10.1126/science.3107127
http://doi.org/10.3390/vaccines7020037
http://doi.org/10.1016/j.coi.2020.01.008
http://doi.org/10.1016/j.neulet.2013.12.028
http://doi.org/10.1186/s13195-019-0556-2
http://doi.org/10.1016/j.nbd.2020.104823
http://www.ncbi.nlm.nih.gov/pubmed/32119976
http://doi.org/10.1038/s41598-019-51809-2
http://www.ncbi.nlm.nih.gov/pubmed/31664089
http://doi.org/10.1016/j.vaccine.2017.03.020
http://www.ncbi.nlm.nih.gov/pubmed/28320590
http://doi.org/10.1016/j.expneurol.2008.04.008
http://www.ncbi.nlm.nih.gov/pubmed/18514193
http://doi.org/10.1186/s13024-019-0320-x
http://doi.org/10.4161/hv.23875
http://doi.org/10.1016/j.jalz.2013.12.003
http://doi.org/10.1016/j.jalz.2013.04.505
http://doi.org/10.1038/srep28912
http://doi.org/10.1016/j.ymthe.2016.10.002
http://doi.org/10.4049/jimmunol.1500046
http://www.ncbi.nlm.nih.gov/pubmed/25888703
http://doi.org/10.1186/1742-4933-5-11
http://www.ncbi.nlm.nih.gov/pubmed/18816370
http://doi.org/10.1038/gt.2009.140
http://www.ncbi.nlm.nih.gov/pubmed/19865176
http://doi.org/10.1128/JVI.72.11.9092-9100.1998

	Introduction 
	Results 
	Immunogenicity of Recombinant Protein Vaccine, PV-1950R/A, in Young and Old D-Line Mice 
	Comparison of Humoral Immune Responses in D-Line Mice Vaccinated with PV-1950D and PV-1950R/A 

	Discussion 
	Materials and Methods 
	Mice 
	Vaccines 
	Immunization of Mice 
	Detection of Antibody Titers and Isotypes 
	Measuring Avidity of Antibodies 
	Detection of h-Syn in Human Brain Tissues from AD/DLB Cases 
	Statistical Analysis 

	Conclusions 
	References

