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Abstract

Background—By the time clinical symptoms of Alzheimer’s disease (AD) manifest in patients 

there is already substantial tau pathology in the brain. Recent evidence also suggests that tau 

pathology can become self-propagating, further accelerating disease progression. Over the last 

decade several groups have tested the efficacy of protein-based anti-tau immunotherapeutics in 

various animal models of tauopathy. Here we report on the immunological and therapeutic potency 

of the first anti-tau DNA vaccine based on the MultiTEP platform, AV-1980D, in THY-Tau22 

transgenic mice.

Methods—Starting at 3 months of age, m,ice were immunized intramuscularly with AV-1980D 

vaccine targeting a tau B cell epitope spanning aa2–18 followed by electroporation (EP). Humoral 

and cellular immune responses in vaccinated animals were analyzed by ELISA and ELISpot, 

respectively. Neuropathological changes in the brains of experimental and control mice were then 

analyzed by biochemical (WB and ELISA) and immunohistochemical (IHC) methods at 9 months 

of age.
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Results—EP-mediated AV-1980D vaccinations of THY-Tau22 mice induced activation of Th 

cells specific to the MultiTEP vaccine platform and triggered robust humoral immunity response 

specific to tau. Importantly, no activation of potentially harmful autoreactive Th cell responses 

specific to endogenous tau species was detected. The maximum titers of anti-tau antibodies were 

reached after two immunizations and remained slightly lower, but steady during five subsequent 

monthly immunizations. Vaccinations with AV-1980D followed by EP significantly reduced total 

tau and pS199 and AT180 phosphorylated tau levels in the brains extracts of vaccinated mice, but 

produced on subtle non-significant effects on other phosphorylated tau species.

Conclusions—These data demonstrate that MultiTEP-based DNA epitope vaccination targeting 

the N-terminus of tau is highly immunogenic and therapeutically potent in the THY-Tau22 mouse 

model of tauopathy and indicate that EP-mediated DNA immunization is an attractive alternative 

to protein-based adjuvanted vaccines for inducing high concentrations of anti-tau antibodies.

Keywords

Tau immunotherapy; Alzheimer’s diseases; DNA epitope vaccine; anti-tau antibody; transgenic 
mice

1. Introduction

Alzheimer’s disease (AD) is a devastating neurodegenerative disease and the most common 

cause of age-related dementia[1], with symptoms that manifest in cognitive, memory, and 

functional impairments[2]. Neuropathological features of AD include deposition of the 

amyloid-β (Aβ) fragment of amyloid precursor protein (APP) in senile plaques, 

accumulation of neurofibrillary tangles (NFT) composed of hyperphosphorylated tau 

protein, and death of neurons[3–7]. Although Aβ may be the primary initiator of AD 

pathogenesis, it is clear that pathological tau also plays a critical role in AD[8]. Importantly, 

by the time clinical signs of AD appear there is already substantial tau pathology in the 

brain[9, 10], which may also become self-propagating[11–14].

Anti-tau immunotherapy using protein-based adjuvanted vaccines targeting full-length tau 

[15] as well as various B cell tau epitopes (C-terminus[16] and phosphorylated epitopes[17–

22]) have been tested in several mouse models. Importantly, some of these vaccines showed 

some degree of efficacy in preventing tau-like pathology in rodent models and two vaccines 

have recently advanced into Phase 1 clinical trials[16, 23]. Previously we showed that our 

EP-mediated DNA vaccination strategy based on the MultiTEP platform [24–27] provides 

an attractive alternative to the adjuvanted-protein vaccination approach for inducing of 

strong anti-Aβ antibody response in mice, rabbits, and monkeys. Based on these promising 

data we are currently conducting pre-clinical safety and toxicology studies in preparation for 

an Investigational New Drug (IND) application. In this paper, we have taken a parallel 

approach to develop a MultiTEP-based DNA vaccine targeting the N-terminus of tau, 

AV-1980D. To the best of our knowledge, this is the first examination of a DNA tau vaccine. 

We chose to target amino acids 2–18 of the tau N-terminus as a B cell epitope based on data 

showing that this region, comprising phosphatase-activating domain (PAD), (i) plays an 

important role in activation of a signaling cascade that leads to inhibition of anterograde fast 

axonal transport (FAT)[28–31]; (ii) is normally hidden in microtubule bound tau 
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conformations but becomes highly exposed during tau aggregation[28, 29]; and (iii) plays an 

important role in polymerization of tau, and truncation or phosphorylation of this region 

may have a neuroprotective role[30, 32]. In this report, THY-Tau22 mice immunized with 

AV-1980D generated very high titers of anti-tau antibodies that recognized tangles in human 

AD brain tissue and reduced the accumulation of total tau in the brains of vaccinated mice.

2. Materials and methods

2.1. Mice

In this study we used female heterozygous THY-Tau22 mice maintained on a C57Bl6/J 

background[33]. THY-Tau22 mice are a well-established model of Tauopathy that express 

human 4 repeat tau with two frontotemporal dementia-associated point mutations (G272V 

and P301S) under control of the neuronal driven promoter Thy1.2[33]. Mice were 

anesthetized with 4% isoflurane (Vedco, Inc., St. Joseph, MO) and maintained in 3–3.5% 

isoflurane during all injections. All animals were housed in a temperature and light-cycle 

controlled facility, and their care was under the guidelines of the National Institutes of 

Health and an approved IACUC protocol at University of California, Irvine.

2.2. Antigen

AV-1980D codes for a protein consisting of the Ig κ-chain signal sequence, three copies of 

the tau2-18 B cell epitope (sequence: AEPRQEFEVMEDHAGTY) linked to the MultiTEP 

platform, consisting of a string of twelve foreign Th epitopes [one synthetic peptide 

(PADRE), 8 epitopes from Tetanus Toxin (TT) (P2, P21, P23, P30, P32, P7, P17 and P28), 2 

epitopes from hepatitis B virus (HBsAg, HBVnc) and one epitope from influenza matrix 

protein (MT)]. A polynucleotide encoding three copies of tau2-18 epitope separated by GS 

linkers was synthesized by GenScript (Piscataway, NJ) and subcloned in frame with the 

MultiTEP minigene (amplified by PCR from AV-1959D construct[26]) into the pVAX1 

vector (Invitrogen, Carlsbad, CA)[24], that was designed to be coherent with current Food 

and Drug Administration (FDA) guidelines, using NheI/BamHI/BglII/XhoI restriction sites. 

DNA sequencing was performed to confirm that the generated plasmids contained the 

correct sequences. A map of AV-1980D is presented in Fig. 1A. Plasmids were prepared and 

purified by Aldevron (Fargo, ND). Gene expression was analyzed in transfected CHO cells 

and the protein was detected by western blot (WB) using anti-tau 1C9 monoclonal antibody 

(generated at The Institute for Molecular Medicine, Huntington Beach, CA, Fig. 1B).

2.3. Immunizations

Female, three month old THY-Tau22 mice (n=6) were injected into both tibialis anterior 

muscles with 40μg (20μg per leg) of AV-1980D vaccine. Immediately after DNA 

administration, the needle electrode made of two parallel rows of four 5-mm needles 0.3mm 

in diameter (1.5 × 4-mm gap) was inserted in such a way that the i.m. injection site was 

located between the two needle rows. The EP pulses were applied (“high amplitude, short 

duration” (450/0.05) two pulses and “low amplitude, long duration” (110/10) eight pulses) 

using the AgilPulse™ device from BTX Harvard Apparatus (Holliston, MA) [27]. Control 

group of THY-Tau22 mice (n=7) were injected with a pMultiTEP plasmid that lacked the 

Tau B cell epitope. Mice were vaccinated twice with 2-week interval then received monthly 
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immunizations (total 7 immunizations). On day 12 after each immunization (starting from 

second one) blood was collected for analysis of anti-tau antibodies. Mice were terminated at 

9 months of age for further neuropathological analysis. These experimental details and 

timeline are further illustrated in Fig. 1C.

2.4. Detection of IFN-γ producing splenocytes

Analysis of IFN-γ producing T helper (Th) cells was performed in splenocyte cultures from 

immunized mice by ELISpot assay (BD Biosciences, San Jose, CA), as previously 

described[26, 34–36]. Cultures of splenocytes were re-stimulated in vitro with 10μg/ml of 

individual peptides representing epitopes from the MultiTEP platform, tau2-18 or irrelevant 

peptides (GenScript, Piscataway, NJ) for 20 hours. The numbers of SFC per 106 splenocyte 

were counted.

2.5. Detection of tau-specific antibodies and isotyping

The concentrations of anti-tau antibodies in mouse sera were determined by ELISA as 

previously described[37]. Synthetic tau2-18 peptide (GenScript, Piscataway, NJ) was used for 

coating ELISA plates. Anti-tau antibody concentrations were calculated using a calibration 

curve generated with 1C9 mAb. HRP-conjugated anti-IgG1, IgG2ab, IgG2b and IgM 

specific antibodies (Bethyl Laboratories, Inc., Montgomery, TX) were used to characterize 

the isotype profiles of anti-tau antibodies. The isotypes of antibodies were detected in 

individual sera of mice at a dilution of 1:800. To analyze humoral responses against T helper 

epitopes plates were coated with individual peptides from MultiTEP platform, PADRE, P2, 

P21, P23, P30, P32, HBsAg, HBVnc, MT, P7, P17, P28 (GenScript, Piscataway, NJ). Sera 

from individual mice were used at dilution 1:200, 1:1000 and 1:5000 and antibody titers 

were measured as previously described [26, 34–36].

2.6. Detection of tau tangles in human brain tissues by IHC and Confocal Microscopy

Sera from mice immunized with AV-1980D and pMultiTEP were screened for the ability to 

bind to tau tangles using 50 μm brain sections of paraformaldehyde-fixed cortical tissues 

from severe AD case (received from Brain Bank and Tissue Repository, MIND, UC Irvine) 

using immunohistochemistry as described previously[26, 34–36]. Sections were imaged 

using an Olympus FX1200 confocal microscope, with identical laser and detection settings 

across a given immunolabel and DAPI nuclear counterstain was pseudocolored red.

2.7. Preparation of brain homogenates from AD cases and western blot analysis

Preparation of brain homogenates from AD cases and Western blot (WB) analysis were 

performed as previously described[37]. Briefly, 0.2g of brain tissue from four different AD 

cases were homogenized in 0.4ml TBS buffer with Halt™ Protease and Phosphatase 

Inhibitor Cocktail (100X, Thermo Scientific, CA), then centrifuged at 6400xg for 15 

minutes at +4°C. Supernatants were collected and applied to electrophoresis on NuPAGE 4–

12% Bis-Tris gel in MES buffer under reducing conditions (Invitrogen, CA) and 

electrotransferred onto nitrocellulose membrane (GE Healthcare, NJ). Tau were visualized 

by incubating with sera from mice immunized with AV-1980D and pMultiTEP followed by 
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HRP-conjugated anti-mouse IgG (Santa Cruz Biotechnology, CA). Anti-Tau (TNT-1; EMD 

Millipore, CA) monoclonal antibody was used as positive control.

2.8. Tissue preparation, Immunohistochemistry, Confocal Microscopy and Quantitative 
Analysis

Following perfusion, one hemisphere from each mouse was postfixed in 4% 

paraformaldehyde for 48 hours then stored in PBS + 0.05% sodium azide. Fixed half-brains 

were placed in 30% sucrose for at least 48 hours before being cut in the coronal plane (40 

μm sections) using a freezing sliding microtome. Brain sections were rinsed in PBS before 

blocking in PBS+0.05% Triton-X with 5% donkey or goat serum for one hour. The 

following primary antibodies were used: 1C9 (IMM, Huntington Beach, CA; 1:500) and 

HT7 (ThermoFisher; Waltham, MA 1:1000) against human Tau, conformational tau epitope 

MC-1 (generously provided by Peter Davies; 1:1000), and phospho-tau (pS199, Abcam, 

Cambridge, United Kingdom, 1:1000). Sections were then incubated in primary antibodies 

at 4°C overnight. The next day, sections were washed three times with PBS and placed in 

appropriate Alexa fluor-conjugated secondary antibody solutions at room temperature for 

one hour. Sections were rinsed three additional times, mounted onto slides and coverslipped 

using Fluoromount-G with DAPI. For confocal microscopy, immunofluorescent staining was 

performed on equivalent brain sections and imaged on the Olympus FX1200 confocal 

microscope. Tau protein was visualized using Z-stack images taken through the entire depth 

of the section at 1 μm intervals. Z-stacks were compressed into a single stacked image and 

quantified. For quantification of 1C9, HT7 and pS199 staining, four randomly selected 

square sub-areas were selected in hippocampus CA1 and quantified by optical density using 

ImageJ. Quantification of MC-1 labeling was performed by manual counting of MC-1 

positive pyramidal neurons in hippocampus CA1 by a researcher blinded to treatment.

2.9. Biochemical Analyses

Right hemispheres, previously frozen on dry ice and stored at −80°C, were crushed on dry 

ice using mortar and pestle, then homogenized in solution of T-PER (Thermo Scientific, 

Waltham, MA) and phosphatase and protease inhibitor mixtures (Thermo Scientific, 

Waltham, MA and Roche, San Francisco, CA) and processed as previously described[38, 

39]. Soluble and insoluble SDS-PAGE Western blot was performed following standard 

protocols as previously described[39]. Primary antibodies used for Western blot analysis 

included the following: 1C9 (IMM, Huntington Beach, CA), AT180 (pT231), anti-tau 

(pS404), anti-tau (pS199), anti-tau (pS396) (all from Abcam, Cambridge, United Kingdom), 

HT7, AT-270 (pT181), AT8 (pS202/T205), anti-tau (pS214), AT100 (pT212/S214), anti-tau 

(pT212), anti-tau (pS396/S404) (all from ThermoFisher Scientific, Waltham, MA), anti-tau 

(pS422; WuXi AppTec, San Diego, CA). All blot membranes with soluble samples were 

also labeled with anti-GAPDH antibodies (ThermoFisher Scientific, Waltham, MA) as 

loading control. All antibodies were used at dilution 1:1000.

Concentrations of human total and phosphorylated tau in samples (soluble and insoluble 

brain extracts) were determined by Tau (total) Human ELISA kit, Tau [pS199] Human 

ELISA Kit, Tau [pT181] Human ELISA Kit, and Tau [pT231] Human ELISA Kit (all from 

ThermoFisher Scientific, Waltham, MA), according to the manufacturer’s instructions.
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2.10. Statistical analysis

Statistical parameters (mean, standard deviation (SD), standard errors (SE), significant 

difference, etc.) were calculated using the Prism 6 software (GraphPad Software, Inc., La 

Jolla, CA). Statistically significant differences were examined using a two-tailed t-test (a P 
value of less than 0.05 was considered significant).

3. Results

3.1. Immunogenecity of AV-1980D vaccine in THY-Tau22 mice

We generated a DNA vaccine, AV-1980D, composed of three copies of N-terminal B cell 

epitope from human tau protein (aa2-18) fused to the MultiTEP platform generated 

previously[24,26]. Immunizations of THY-Tau22 mice with AV-1980D followed by EP 

induced strong T cell immune responses (INF-γ secreting Th cells) specific to three 

different Th epitopes (PADRE, P30 and P17) incorporated into the MultiTEP platform of the 

AV-1980D vaccine, but not to the tau B cell epitope. Control mice immunized with 

pMultiTEP plasmid generated cellular immune responses specific to the same three epitopes, 

PADRE, P30 and P17 (Fig. 2A).

THY-Tau22 mice generated strong anti-Tau humoral immune responses after two 

immunizations with AV-1980D (246.5 ± 119.8 μg/ml), then maintained the same antibody 

titers during five subsequent monthly immunizations (Fig. 2B). We measured the production 

of IgG1, IgG2ab, IgG2b, and IgM isotypes of anti-tau antibodies to characterize the type of 

humoral immune responses. The levels of IgG1, IgG2ab, and IgG2b immune responses were 

robust and stable, whereas the level of IgM was low (Fig. 2C). More specifically, EP-

mediated i.m. delivery of AV-1980D induced strong IgG2b and equal amounts of IgG1 and 

IgG2ab antibodies specific to tau (Fig. 2C). The subclass of IgG that is induced against B 

cell epitope/s (Tau2-18) after immunization can be used as an indirect measure of the relative 

contributions of Th2 cytokines vs Th1 cytokines [40]. Therefore, these data indicate that i.m. 

delivery of AV-1980D vaccine followed by EP induced a mostly Th1 type of immune 

response, similar to that previously reported for the AV-1959D vaccine targeting 

pathological Aβ[27].

Next, we analyzed antibodies that might be generated against the Th epitopes incorporated 

in MultiTEP platform and showed that in these mice MultiTEP induces antibodies specific 

to P30 epitope only (Fig. 2D).

To determine whether the resulting AV-1980D induced anti-tau antibodies could recognize 

pathological forms of human tau, we next analyzed the binding of immune and control sera 

to neurofibrillary tangle (NFT) pathology within brain sections from two AD cases. 

Adjacent sections have also been stained with a commercial anti-tau antibody recognizing 

N-terminal region of tau, TNT-1. As expected, sera from mice immunized with AV-1980D, 

but not pMultiTEP plasmid, as well as commercial antibody TNT-1 specific to Tau N-

terminus bound to both neuritic threads (NTs) and NFTs in human brain tissue (Fig. 2E). To 

show the binding of sera with various forms of Tau we performed WB of AD brain extracts 

and processed the membranes with sera and anti-Tau antibody, TNT-1. As shown in this new 

WB image, sera from vaccinated mice recognized monomeric and oligomeric forms of Tau, 
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whereas TNT-1 antibody recognized only monomeric Tau. No binding was seen with control 

sera from mice immunized with pMultiTEP (Fig. 2F).

3.2. Changes of tau pathology in THY-Tau22 mice after immunization with AV-1980D

As a preclinical test of the efficacy of AV-1980D vaccination, we studied neurological 

changes in brains of nine month old THY-Tau22 mice vaccinated with AV-1980D. First, we 

investigated the impact of immunization on tau pathology in transgenic mice by performing 

immunohistochemistry (Fig. 3). Staining of brain tissue showed some reduction in total tau 

(1C9, p=0.8344 and HT7, p=0.0562; Fig. 3A–D), as well as phosphorylated tau (pS199, 

p=0.1852: Fig. 3G, H) following vaccination with AV-1980D, although these changes failed 

to reach significance. Similarly, we also observed a non-significant trend toward decreased 

MC1-positive cells in brain sections from AV-1980D vaccinated mice compared with 

pMultiTEP injected mice (p=0.3294, Fig. 3E, F).

To further investigate tau aggregation, biochemical analyses were performed with soluble 

and insoluble protein fractions using two different techniques, WB and ELISA. WB analysis 

was carried out using antibodies raised against total and/or phosphorylated forms of tau. We 

observed that vaccination slightly, but significantly reduced the levels of total tau in soluble 

fractions of brain extracts from THY-Tau22 mice (1C9, p=0.0436 and HT7, p=0.0297; Fig. 

4A–C). There were no obvious differences in the level of soluble phosphorylated tau 

epitopes AT100 (p=0.7387), pS396 (p=0.6848), pS404 (p=0.7463), pS422 (p=0.7836), 

AT180 (p=0.3328), and pT212 (p=0.8086) in vaccinated mice compared with controls (Fig. 

4D and F, G, H, I, J, L, respectively). We did, however, observe a trend toward reduction in 

two soluble phosphorylated tau species, AT8 (p=0.0704) and AT270 (p=0.0746), in 

AV-1980D vaccinated mice, examining tau epitopes (Fig. 4D, E, K). Although, levels of 

these two soluble phosphorylated tau epitopes decreased in brains of vaccinated animals 

compared with that of control mice, these changes were not significant mainly due to 

variability in the extent of tau pathology between individual animals.

Next, we compared the level of total and phosphorylated tau in insoluble extracts from 

experimental and control brain homogenates by WB. Vaccination significantly reduced the 

level of total tau detected with 1C9 mAbs (p=0.0196; Fig. 5A, B), but not with HT7 mAbs 

(p=0.4936; Fig. 5A, C). No changes were detected in levels of phosphorylated insoluble tau 

after probing with αPHF-1 (p=0.5663), AT180 (p=0.3841), AT270 (p=0.7552) and pS199 

(p=0.8667) antibodies (Fig. 5D and E, G, H, I, respectively). However, a subtle trend 

towards a reduction in levels of AT100 positive tau was observed in insoluble fractions of 

brain homogenates from AV-1980D vaccinated mice (p=0.3224; Fig 5D, F). To get more 

precise data we further analyzed the same brain homogenates by a more quantitative human 

tau-specific ELISA. As shown in Fig. 6A, E, both soluble and insoluble total human tau was 

significantly reduced in brain homogenates of AV-1980D vaccinated mice compared with 

control mice. Importantly, we detected significant decrease in soluble AT180 positive 

phospho-tau (Fig. 6D) as well as in insoluble pS199 positive phospho-tau (Fig. 6F). ELISA 

data showed also trends toward the reduction of soluble and insoluble AT270 (Fig. 6C, G), 

as well as insoluble AT180 positive phospho-tau.
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Discussion

Immunotherapeutic approaches to treat tauopathies are promising strategy for AD[41]. Prior 

studies have shown that both active and passive tau-based immunotherapies clear some 

pathological forms of tau[42]. There is, however, still a risk that active vaccination against a 

full-length brain-derived self-protein could potentially induce encephalitis, which was 

observed in clinical trials with Aβ vaccination[43]. In fact, previously, Rosenmann et al. 
reported that immunization of C57BL/6 mice with full-length recombinant tau with CFA/

pertussis toxin (PT), chosen as a proinflammatory adjuvant to analyze specifically safety 

issues, produced neurological deficits, NFT-like changes, gliosis, and inflammatory 

infiltration[15]. To reduce the risk of an adverse T cell-mediated immune response to tau 

immunotherapy, it is critical to design a vaccine that specificially targets the immunogenic B 

cell epitope of tau. During the last decade several anti-tau vaccines targeting different non-

modified or phosphorylated epitopes, have been generated and evaluated in preclinical 

studies[42]. All these vaccines have shown varying degrees of efficacy, and did not induce 

adverse events in mice. However, subsequently, one group showed that harmful effects 

associated with vaccinations using phosphorylated tau as an epitope may still persist. In this 

study, E257T/P301S-tau Tg mice and wild-type mice were repetitively immunized with a 

mixture of three phospho-tau peptides (Tau195–213[p202/205], Tau207–220[p212/214], 

Tau224–238[p231]), formulated again in CFA/PT adjuvant[44]. This approach unfortunately 

led to the development of a paralytic disease accompanied by significant neurological 

disability in vaccinated mice[44]. In contrast, similar effects with antigens composed of 

other phospho-tau epitopes have not been observed[42].

In this study, we decided for the first time to develop and test a DNA vaccine targeting 

pathological non-phosphorylated tau. It is known that DNA immunization provides an 

attractive alternative to adjuvanted peptide/recombinant protein approach for inducing both 

cellular and humoral immune responses. More specifically, rapid accumulation of pre-

clinical data demonstrating the potency of DNA vaccines in animal species ranging from 

mice to non-human primates has led to numerous Phase 1–3 human clinical trials[45, 46]. 

However, in clinical trials, DNA vaccines are generally immunogenic when they are 

delivered by devices such as electroporation systems or jet injectors[47, 48]. Therefore, in 

this study we focused on generation of an immunogenic and potentially safe DNA vaccine 

targeting a non-phospho-epitope located in N-terminal region of tau (tau2-18) and coupled 

this approach with electroporation. This N-terminal region of tau is normally folded and 

hidden in the native protein structure, yet becomes exposed due to the different biochemical 

modifications of pathological tau[29, 49]. Tau2-18 [termed as phosphatase-activating domain 

(PAD)] also plays an important role in the activation of a signaling cascade that leads to 

anterograde FAT inhibition, resulting in early synaptic dysfunction typical for AD and 

tauopathies[30]. In fact, it was reported that phosphorylation of Y18 in human tau can 

prevent the inhibitory effect of tau filaments on anterograde FAT, suggesting that physical 

blocking or binding of PAD can provide protection against the neurotoxic effects of 

pathogenic tau[30]. Lastly, it was reported that removal of tau2-18 decreased the 

polymerization of tau molecule, suggesting this region may serve as a seed for tau 

aggregation and thereby represents a promising therapeutic target[32]. Importantly, 
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immunohistochemical and biochemical analyses of human postmortem brain tissues 

demonstrated that exposure of PAD in Tau is an early pathogenic event in AD and is closely 

associated in time with AT8 immunoreactivity, an early marker of pathological tau [28, 50]. 

Recently, it was demonstrated that induced pluripotent stem cell (iPSC) cortical neurons 

from AD patients secrete N-terminal tau fragments that negatively impact the neurons by 

inducing their hyperactivity and may elevate Aβ production in AD brain [51]. It was 

suggested that neutralization of these species can potentially slow the clinical progression 

into dementia. Dai et al reported the ability of monoclonal antibodies specific to Tau6-18 to 

reduce hyperphosphorylated Tau and improve reference memory in the Morris water maze 

task in 3xTg-AD mice [52].

We previously developed the MultiTEP vaccine platform that consists of a string of one 

synthetic and eleven non-self, pathogen-derived T helper (Th) epitopes[24–27], to which we 

can attach different B cell self-epitopes from neuronal proteins involved in AD pathogenesis. 

Using this approach we recently reported that a MultiTEP anti-Aβ DNA vaccine induced 

strong immune responses in mice, rabbits and monkeys[24–27]. Therefore, given these data 

and the universality of the MultiTEP approach, to generate strong anti-tau antibody 

responses without induction of possibly harmful autoreactive Th cells, we fused tau2-18 

epitope to our universal MultiTEP platform (AV-1980D; Fig. 1A).

To test the efficacy of AV-1980D vaccine delivered in vivo by AgilePulseTM electroporation 

device we utilized the well-established THY-Tau22 transgenic model of tauopathy. THY-

Tau22 mice overexpress human 4-repeat tau mutated at sites G272V and P301S under the 

control of Thy1.2 promoter and have previously been extensively characterized[33]. As 

these mice age they develop significant NFT-like pathology within the hippocampus, cortex, 

and amygdala that is accompanied by considerable gliosis and progressive cognitive 

impairments [21].

Repeated immunizations of young THY-Tau22 mice with AV-1980D induced strong T cell 

responses specific to the three epitopes from MultiTEP, but not to tau2-18 (Fig. 2A), thus 

avoiding the risk of unfavorable T cell-mediated autoimmune responses specific to tau. 

Importantly, DNA immunizations of THY-Tau22 mice induced very strong IgG-type (equal 

amount IgG1 and IgG2ab, higher level of IgG2b) anti-tau antibody production (Fig. 2B, C). 

Thus, i.m. delivery of DNA vaccine followed by EP induced strong cellular and humoral 

immune responses of Th1 type. Previously we showed that immunization with MultiTEP-

based Aβ-epitope vaccine did not induce antibody responses to any of epitopes incorporated 

in MultiTEP in rabbits (unpublished data) and non-human primates [26]. The absence of 

antibody response to the carrier is extremely important, because antibodies specific to 

MultiTEP may more rapidly clear the vaccine from the body and decrease the 

immunogenicity of the vaccines in humans after booster injections. Thus, we measured the 

antibodies generated to each epitope incorporated into MultiTEP platform and showed that 

in THY-Tau22 mice AV-1980D vaccine induced antibodies specific to P30 only.

We also observed therapeutic efficacy of AV-1980D vaccination towards the reduction of 

non-phosphorylated tau. Recently, Yanamandra et. el. showed that monoclonal antibodies 

specific to tau25–30 that are capable of inhibiting tau propagation from cell to cell, may 
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reduce tau pathology and improve cognitive functions in PS19 mice after 

intracerebroventricular (ICV) infusions or frequent high concentration in vivo injections[13, 

53]. Another group tested the Mab specific to oligomeric tau conformational epitope in 

JNPL3 mouse models of tauopathy and showed a single intravenous (IV) injection of Mab 

cleared oligomeric tau, rescued the locomotor phenotype, and reversed the memory deficits 

associated with oligomeric tau pathology[54].

The goal of our current study was to examine whether we could generate an effective DNA 

vaccine that reduces tau in a stringent model of AD-like tau neuropathology. In that respect, 

immunization with AV-1980D led to significant decreases in the levels of total tau in soluble 

(Fig. 4A–C and 6A) and insoluble (Fig. 5A–C and 6E) fractions of brain extracts from 

vaccinated mice. In addition, we observed significant reduction in soluble AT180 phospho-

tau (Fig. 6D) and insoluble pS199 phospho-tau (Fig. 6F). DNA vaccination also showed 

some trends toward reduction of soluble AT270 and insoluble AT180 phosphorylated tau 

species (Fig. 6C, H). Trend towards the reduction of total tau and pS199 phospho-tau and 

MC1 positive tau was seen by immunohisochemistry (Fig. 3). THY-Tau22 mice carry two 

pathogenic mutations in human tau, exhibit strong transgene expression, and develop very 

aggressive Tau pathology. This may at least partially explain why the efficacy of the DNA 

vaccine, AV-1980D is not strong.

These results are consistent with findings from other groups[17, 18] reporting that antibodies 

generated by peptide vaccination were found to cross the BBB, possibly due to impaired 

BBB in tau/Tg mice, bind phosphorylated tau, and reduce pathology without any adverse 

effects.

Therefore, we concluded that this initial study of tau DNA vaccination based on the 

MultiTEP platform suggests that this approach could potentially be used to induce strong 

immune responses in a broad population of vaccinated subjects with high MHC class II 

genes polymorphisms. Importantly, using tau B cell epitope we demonstrated that this 

immunogenic vaccine platform is truly universal and can be fused with virtually any B cell 

epitope to target the varying pathogenic molecules involved in AD or other 

neurodegenerative disorders.
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Highlights

• THY-Tau22 immunized with AV-1980D followed by EP induced strong T cell 

immune responses specific to three Th epitopes incorporated into the 

MultiTEP platform of the AV-1980D vaccine, but not to the B cell epitope of 

tau.

• THY-Tau22 mice immunized with AV-1980D followed by EP generated very 

high titers of anti-tau antibodies that recognized various forms of tau in the 

brain sections form AD cases.

• Vaccinations of THY-Tau22 mice with AV-1980D followed by EP 

significantly reduced total Tau, as well as pS199 and AT180 phosphorylated 

tau levels in the brains extracts, but only in some extent reduced levels of 

other phosphorylated tau species.

Davtyan et al. Page 14

Vaccine. Author manuscript; available in PMC 2018 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Schematic representations of DNA vaccine construct; analyses of its expression and 
experimental design in THY-Tau22 transgenic mice
(A) Strategy for cloning the gene encoding 3Tau2-18-MultiTEP (AV-1980D) into the pVAX1 

vector and schematic representation of AV-1980 construct encoding 3 copies of Tau2-18 

fused to MultiTEP, one universal synthetic Th epitope, PADRE and eleven foreign 

promiscuous Th epitopes from infectious agents. (B) Intracellular and secreted AV-1980 

protein from transfected CHO cells detected by WB, visualized by staining with anti-tau 

Mab, 1C9. (C) Design of experimental protocol in Tg mice vaccinated with AV-1980D and 

pMultiTEP (control group).
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Figure 2. Cellular and humoral immune responses in THY-Tau22 mice vaccinated with 
AV-1980D
(A) Numbers of IFN-γ producing T-cells were calculated by ELISPOT in splenocyte 

cultures obtained from vaccinated animals. Bars represent average ± SD (n=6 for pMultiTEP 

immunized group and n=7 for AV-1980D vaccinated group). (B) Concentration of anti-tau 

antibodies was detected in sera by ELISA. Lines indicate the mean values of antibody 

concentration (n=6). (C) Isotypes of anti-tau antibodies were analyzed by ELISA. Sera 

collected after two immunizations were used at dilution 1:800. (D) Binding to T helper 

epitopes incorporated in MultiTEP platform was detected in sera by ELISA. Sera collected 

after two immunizations were used at dilution 1:1000. (E) AV-1980D immune sera, but not 

pMultiTEP immune sera bound to the 50 μm brain sections of cortical tissues from two AD 

cases. Sera were used at dilution 1:1000. TNT-1 monoclonal antibody was used as a positive 

control. (F) AV-1980D immune sera, but not pMultiTEP immune sera bound to different 
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forms of tau in soluble extracts from four AD cases detected by Western blot. Sera were 

used at dilution 1:1000. TNT-1 monoclonal antibody was used as a positive control.
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Figure 3. Immunohistochemical changes measured in mice after DNA vaccination
Level of total tau protein (A–D, G, H) and several phosphorylated tau species (E, F) in brain 

sections were analyzed by Confocal microscopy. Representative images of hippocampal 

CA1 region from vaccinated and non-vaccinated mice are presented (A, C, E, G). Error bars 

represent average ± SEM (n=6 for pMultiTEP immunized group and n=7 for AV-1980D 

vaccinated group).
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Figure 4. Effect of DNA vaccination on tau proteins in THY-Tau22 mice
Level of total tau protein (A–C) and several phosphorylated tau species (D–L) in brain 

soluble extractions were analyzed by WB. Error bars represent average ± SEM. (*p<0.05, 

n=6 for pMultiTEP immunized group and n=7 for AV-1980D vaccinated group). In graphs A 
and D Lines 1 and 2 represent brain samples collected from mice immunized with 

pMultiTEP, and Lines 3 and 4 represent samples collected from mice immunized with 

AV-1980D.
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Figure 5. Effect of DNA vaccination on tau proteins in THY-Tau22 mice
Level of total tau protein (A–C) and several phosphorylated tau species (D–I) in brain 

insoluble extractions were analyzed by WB. Error bars represent average ± SEM (n=6 for 

pMultiTEP immunized group and n=7 for AV-1980D vaccinated group). In graphs A and D 
Lines 1 and 3 represent brain samples collected from mice immunized with pMultiTEP, and 

Lines 2 and 4 represent samples collected from mice immunized with AV-1980D.
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Figure 6. Effect of DNA vaccination on tau proteins in THY-Tau22 mice
Level of human total tau protein (A, E) and several phosphorylated tau species (B–D and F–
H) in brain soluble and insoluble extractions were analyzed by ELISA. Error bars represent 

average ± SEM (n=6 for pMultiTEP immunized group and n=7 for AV-1980D vaccinated 

group).

Davtyan et al. Page 21

Vaccine. Author manuscript; available in PMC 2018 April 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Mice
	2.2. Antigen
	2.3. Immunizations
	2.4. Detection of IFN-γ producing splenocytes
	2.5. Detection of tau-specific antibodies and isotyping
	2.6. Detection of tau tangles in human brain tissues by IHC and Confocal Microscopy
	2.7. Preparation of brain homogenates from AD cases and western blot analysis
	2.8. Tissue preparation, Immunohistochemistry, Confocal Microscopy and Quantitative Analysis
	2.9. Biochemical Analyses
	2.10. Statistical analysis

	3. Results
	3.1. Immunogenecity of AV-1980D vaccine in THY-Tau22 mice
	3.2. Changes of tau pathology in THY-Tau22 mice after immunization with AV-1980D

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6



