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Abstract

Alzheimer’s disease (AD) has been associated with accumulation of amyloid beta (Aβ) peptides in 

brain, and immunotherapy targeting Aβ provides potential for AD prevention. We have used a 

DNA Aβ42 trimer construct for immunization of 3xTg-AD mice and found previously significant 

reduction of amyloid and tau pathology due to the immunotherapy. We show here that DNA Aβ42 

immunized 3xTg-AD mice showed better performance in nest building activities and had a higher 

24 months survival rate compared to the non-treated AD controls. The analysis of differently 

expressed genes in brains from 24 months old mice showed significant increases transcript levels 

between non-immunized AD mice and wild-type controls for genes involved in microglia and 

astrocyte function, cytokine and inflammatory signaling, apoptosis, the innate and adaptive 

immune response and are consistent with an inflammatory phenotype in AD. Most of these 

upregulated genes were downregulated in the DNA Aβ42 immunized 3xTg-AD mice due to the 

vaccine. Transcript numbers for the immediate early genes, Arc, Bdnf, Homer1, Egr1 and cfos, 

involved in neuronal and neurotransmission pathways which were much lower in the non-

immunized 3xTg-AD mice, were restored to wild-type mouse brain levels in DNA Aβ42 

immunized 3xTg-AD mice indicating positive effects of DNA Aβ42 immunotherapy on synapse 

stability and plasticity. The immune response after immunization is complex, but the multitude of 

changes after DNA Aβ42 immunization shows that this response moves beyond the amyloid 

hypothesis and into direction of disease prevention.
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1. Introduction

Aβ42 immunotherapy is an ongoing area of research to find a treatment option to prevent 

progression of Alzheimer’s disease in human patients. Active immunization for AD is 

currently an active area of neurotherapeutics: Three Aβ42 peptide immunogens, CAD106, 

ACC-001, and UB-311, are being evaluated in Phase 1 and 2 clinical trials (Hull et al., 2017; 

Pasquier et al., 2016; Vandenberghe et al., 2016; Wang et al., 2017; Winblad et al., 2012), 

and epitope based DNA vaccines, AV-1955 and YM3711, which have major sequence 

differences from our vaccine as they detect only short Aβ epitopes and are thus similar to the 

passive immunization therapies, are also being tested in pre-clinical studies (Evans et al., 

2014; Matsumoto et al., 2013). It is important to note that treatment needs to go beyond the 

amyloid hypothesis (Hardy and Selkoe, 2002; Selkoe and Hardy, 2016; Karran and De 

Strooper, 2016; Makin, 2018; Schilling et al., 2018; Selkoe, 2019) to be successful. The 

DNA Aβ42 trimer vaccine presented here shows in the mouse AD model that it “goes 

beyond” amyloid by preventing amyloid and tau pathology, by reducing inflammation, and 

by inducing further changes which resulted in transcriptional changes of genes in AD mouse 

brain tissue.

We started over fifteen years ago to develop an anti-Aβ42 DNA vaccine to bias the immune 

response to Th2 and prevent the Th1 inflammatory immune responses found in the first 

clinical trial AN1792 in human AD patients with Aβ42 peptide immunizations (Orgogozo et 

al., 2003; Fox et al., 2005; Gilman et al., 2005; Lambracht-Washington et al., 2009; 

Rosenberg and Lambracht-Washington, 2020). The vaccine used here consists of an Aβ42 

plasmid encoding three copies of the full-length Aβ42 sequence (Aβ1–42 x Aβ1–42 x Aβ1–

42, 3× Aβ42, Aβ42 trimer) and was delivered into the skin of the mouse ears via gene gun 

administration (Qu et al., 2010). As shown previously in a group of 20 months old 3xTg-AD 

mice, which carries the human genes for APP with the Swedish mutation, MAPT with the 

P30IL mutation, and PS1 with the M146V mutation, DNA Aβ42 immunization reduced 

amyloid and tau pathology and was non-inflammatory (Rosenberg et al., 2018). We present 

here new data showing clinical benefits of DNA Aβ42 immunotherapy in regard to an 

improved nest building activities and higher 24-month survival rates compared to the non-

treated AD control mice and Aβ42 peptide immunized mice. Furthermore, we present here 

for the first time data showing a multitude of changes in gene expression profiles in brain 

tissue from DNA Aβ42 trimer immunized 3xTg-AD mice compared to non-treated 3xTg-

AD controls in genes important for the inflammatory response in AD (Akiyama et al., 2000), 

genes classified as AD associated (Naj et al., 2014; Rosenberg et al., 2016)), genes involved 

in transmitter vesicle formation and release (Parodi et al., 2010; Saura et al., 2015; Ovsepian 

et al., 2018; Chakroborty et al., 2019), and last but not least key genes of the immediate-

early response after neuronal stimulation (Dickey et al., 2003; Hendrickx et al., 2014; 

Shepherd and Bear, 2011; Tyssowski et al., 2018). The transcriptome changes presented here 

are in accordance with the reports by others that inflammation is a major driver of pathology 

at late disease stages (Manavalan et al., 2013; Landel et al., 2014; Castillo et al., 2017).
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2. Methods

2.1. Animals

3xTg-AD (B6/129-Psen1 Tg(APPSwe,tauP301L)1Lfa/Mmjax, APPswePS1MAPT) mice had 

been purchased from the Mutant Mouse Research and Resource Center (MMRRC) at JAX, 

and were bred and housed at the UTSouthwestern Medical Center Animal facility under 

conventional conditions. This mouse model had been developed by Oddo and colleagues 

(Oddo et al. 2003). Animal use was approved by the UT Southwestern Medical Center 

Animal Research Committee, and animal research was conducted under the ARRIVE 

guidelines (Kilkenny et al. 2010).

2.2. Mice and immunizations

Groups of female 3xTg-AD mice and female B6/129 F2 wild-type controls (n = 10–15/

group) were immunized for a total of twelve times with DNA Aβ42 trimer using gene gun 

delivery over a time frame of 24 months. Control mice received Aβ1–42 peptide 

immunizations (100 μg peptide plus QuilA adjuvant, i.p.injections) or were left untreated. 

The DNA plasmids and immunization with the gene gun had been described previously in 

detail (Qu et al., 2010; Rosenberg et al., 2018), Immunizations were started in four months 

old mice in groups of ten to fifteen mice (3xTg-AD and B6129/SvJ wild-type controls) with 

three initial immunizations in biweekly intervals via i.p. injections of Aβ1–42 peptide (100 

μg peptide/immunization) with QuilA as adjuvant. The immunizations were boosted in six 

week intervals until the mice were 24 months old. Control mice received no treatment (naïve 

controls). No immunizations were performed during or close to the behavior studies to avoid 

behavioral variances due to stress. Blood samples were collected at different time points 

throughout the study 10 days following the respective immunization time points.

2.3. Nesting behavior

Mice were placed individually in fresh cages, in which 6 g of shredded paper were dispersed 

throughout the cage. Pictures were taken after 24 h and scored on a scale of 1–5. A score of 

1 represented no nest constructed and 5 represented a fully formed nest, with all of the paper 

in the cage being gathered tightly in one area (Suppl. Fig. 1).

2.4. ELISAs

Antibody concentrations in plasma were measured with standard ELISA assays and 

determined as μg anti-Aβ42 IgG/ml plasma. Plates were coated with Aβ1–42 peptide 

(rPeptide) at concentrations of 2 μg/ml diluted in coating buffer. As standard antibody the 

mouse monoclonal anti-Aβ17–24 IgG antibody 4G8 (Biolegend, San Diego, CA) was used. 

Antibody binding to Aβ42 peptide in the plates were measured with HRP conjugated anti-

mouse IgG secondary antibody (Jackson Immunoresearch laboratories, West Grove, PA), 

TMB detection and measurement of optical density (OD) with an ELISA plate reader.

2.5. IFNγ and IL-17 FluoroSpots

FluoroSpot assays to determine frequencies of cytokine secreting cells were performed 

according to standard procedures and as previously described using commercial available 
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antibody sets for mouse IFNγ, IL-17, and IL-4 (Maptech, San Diego, CA, USA) 

(Lambracht-Washington et al., 2011; Lambracht-Washington and Rosenberg, 2015). 2.5 × 

105 splenocytes were added per well and were cultured in medium only, or re-stimulated 

with Aβ42 peptides (10 μg/ml), and incubated at 37 °C in a 5% CO2 humidified incubator 

for 48 h. For maximal T cell stimulation an anti-CD3ε antibody (clone 145–2C11, 

eBioscience, Tonbo) was used at 0.5 μg/ml in the cell cultures. Spots were counted by a 

FluoroSpot plate reader service (Zellnet consulting, Fort Lee, NJ).

2.6. Memory T cell FluoroSPOT

Splenocytes from immunized and non-immunized mice were cultured for 10 days with and 

without Aβ42 antigen stimulation and IL-2 supplementation (10 ng/ml) at Day 3 and Day 7 

of cell culture. On day 10, cells were harvested and plated onto pre-coated IFNγ 
FluoroSPOT plates and re-stimulated overnight with full-length Aβ1–42 peptide, and the 

shorter peptide Aβ10–26 (106 cells/well). IFNγ secreting cells (spots) were detected with a 

biotinylated anti-IFNγ antibody and visualized with AF550. Plates were read by a 

commercial plate reader service (Zellnet).

2.7. Immunohistochemistry of mouse brains

Mice were overdosed with avertin and perfused transcardially with cold PBS. Brains were 

extracted from the skulls and kept in 10% formalin at 4 °C for 48 h prior to further 

processing and paraffin embedding. Sagittal parallel sections of mouse brains were stained 

with antibodies specific for Aβ1–42 (6E10, Biolegend, San Diego CA, D-17, Santa Cruz 

Biotechnology, Dallas TX, McSA1, Medimabs, Canada) to detect intraneuronal Aβ42 

deposition and amyloid plaques in hippocampus and cortex of the mice. HT7 and 43D 

antibodies (Thermofisher, Waltham MA, Biolegend) were used to stain for tangle pathology. 

NeuN antibodies (clones ABN78, Millipore and 1B7, abcam) were used to stain neurons. 

Prior to the staining sections were treated with heat-mediated antigen retrieval for the tau 

antibodies or incubation in 70% formic acid for Aβ antibodies. After staining, tissues were 

scanned using a Nano-Zoomer digital pathology system and analyzed with NDP viewer 

software (Hamamatzu, Japan), or an Axioscan system and Zen lite software (Zeiss, 

Germany).

2.8. Gene expression profiling from 3xTg-AD mouse brains which have received DNA 
Aβ1–42 trimer immunotherapy and non-treated control mice and comparison to age and 
gender matched wild-type mouse brains

A method developed by nanoString (Seattle, WA) enables the characterization of 750 to 800 

RNA targets in a single assay. The included analysis of housekeeping genes and other 

positive controls as internal controls allows for signal normalization. Probe sets consist of 

two gene specific oligonucleotides: a capture probe and a reporter probe which both bind to 

the single gene they are designed for. After RNA/probe hybridization, the mixture was 

purified by several washing steps to remove unbound probes, before immobilization of the 

samples to a nCounter® cartridge from which the reporter probes was read using the 

nCounter® Digital Analyzer (available at the UTSouthwestern Core facilities). It provides a 

cost-effective solution for multiplex analysis of differently expressed gene of 12 to 24 

samples in a single assay. It works without Reverse transcription of the RNA or any other 

Lambracht-Washington et al. Page 4

Neurobiol Dis. Author manuscript; available in PMC 2021 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



further amplification procedure, so that results counted represent a 1:1 ratio of the molecules 

found in the particular samples. The method has been shown to be highly reliable and robust 

for RNA samples isolated from Formalin Fixed Paraffin Embedded (FFPE) tissue samples 

such as mouse brain samples which are available from a large number of previous 

experiments in our laboratory as archived probes (Reis et al., 2011; Chen et al., 2016). 

Twelve mouse brains from three different groups of 24 months old mice (n = 4.group) were 

selected for the gene expression analyzes. Transcript numbers obtained in the nanoString 

assays were normalized against a panel of housekeeping genes and other controls using the 

basic nSolver® software package 4.0 (nanoString Technologies) prior to all analyzes 

described in the results sections.

The Neuroinflammation gene panel assay was run twice with the same RNA samples (n = 4 

mouse brain sections/group), and the mouse AD gene panel was run once after that using the 

same RNA samples.

2.9. Statistical analyses

GraphPad Prism 6.02 and IBM SPSS v26 were used to analyze and plot the data in bar 

graphs. Data normalization for gene expressions was performed using the nSolver Analysis 

Software 4.0. Statistical differences between three or more unmatched groups were assessed 

using the Kruskal-Wallis test and when significant followed with Dunn’s post hoc multiple 

comparisons test. Differences between two groups of samples were analyzed using the 

Wilcoxon rank sum test or Mann-Whitney U test. Data analyzed using non-parametric tests 

are shown as median ± semi interquartile range (SIQR). Non-parametric analyses were 

conducted since the number of cases in each group for the continuous measures was too 

small to assume the data were normally distributed. Significance was set at p < 0.05. No 

adjustments for multiple testing have been performed. Ratio data were graphed using a log2 

transformation to make the values linear.

2.10. Expression Heat maps and Volcano plots

Gene expression heat maps were constructed from log2 ratio expression differences 

compared to the wild-type mouse brain values using the CA heat mapper program 

(www.heatmapper.ca/expression) with average linkage as clustering method and Spearman 

Rank Correlation as distance measuring method. Identical colors and shades were applied to 

all the maps shown.

A volcano plot is a scatter-plot used to identify changes in large data sets of replicates (Li et 

al., 2014). Each point represents a gene with the x-axis showing the magnitude of the change 

(log fold change) and the y-axis showing the statistical significance (log10 of the p value 

from a t-test). These plots are helpful in genomics experiments containing thousands of 

replicate data points between two conditions to identify the most meaningful changes. Data 

points with low p values (highly significant) appearing towards the top of the plot. The x-

axis is the log of the fold change between the two conditions. Data points on the right hand 

side represent downregulated genes in the comparison of the two groups. Data points on the 

left hand side are upregulated, respectively. Volcano plots were calculated with the 

Advanced Analysis Module of the nSolver Software. Raw count values were used in this 
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assay as the Advanced Analysis Module uses a different algorithm for data normalization 

and log2 ratio difference calculation (Waggott et al., 2012).

2.11. Survival Rates in 24 months old mice

A Kaplan Meier Survival curve was generated using Graphpad Prism 6.02 for the four 

groups of mice: Non-immunized 3xTg-AD controls, DNA Aβ42 immunized 3xTg-AD mice, 

Aβ42 peptide immunized mice, and age and gender matched wild-type controls (B6129F2 

females).

3. Results

3.1. Nesting activity is improved in DNA Aβ42 trimer immunized 3xTg-AD mice

The natural behavior of nest building in mice has been used to assess impairment in mice 

with amyloid and tau pathologies and can be quantified based on scores (Torres-Lista and 

Giménez-Llort, 2013; Boeddrich et al., 2019; Samaey et al., 2019). Compared to non-treated 

or Aβ1–42 peptide (n = 3, nesting score of 4 ± 1) immunized and non-immunized 3xTg-AD 

female mice (n = 10, nesting score of 3 ± 1), the DNA Aβ42 trimer immunized mice (n = 8) 

exhibited higher nesting scores (4 ± 0, Suppl. Fig. 1, Fig. 1A). B6129F2 (n = 14) female 

wildtype mice had nesting scores of 5 ± 2. Comparative analysis of all groups using the 

Kruskal-Wallis test did not show statistical significance between the groups (p = 0.30).

3.2. Increased life span in DNA Aβ42 immunized 3xTg-AD mice

At the end of the experimental time line of 24 months, 77% of the original female wild-type 

mice (7 of 9) were still alive; from 15 DNA Aβ42 immunized female 3xTg-AD mice 64% (9 

of 15) were alive after 24 months, from the female 3xTg-AD control mice which were left 

untreated 45% were alive at 24 months of age (9 of 20), and from the female Aβ42 peptide 

immunized only 2 of 11 mice were still alive at 24 months of age (18%, Fig. 1B). The 

survival curves were significantly different (p = 0.0305, Log-rank (Mantel-Cox) test).

3.3. Anti-Aβ antibodies in the immunized mice

Kruskal-Wallis statistical analysis was significant for the difference in antibody levels 

between the groups (p value <0.0001, Fig. 2A). The DNA Aβ42 trimer immunized 3xTg-

AD mice (n = 8) in the 24 months old cohort had anti-Aβ42 IgG antibodies levels of 50.54 ± 

13.14 μg/ml plasma (median ± SIQR). DNA Aβ42 immunized B6129F2 wildtype (n = 5) 

mice had non-significantly higher anti-Aβ42 antibody levels of 84.27 ± 9.91 μg/ml plasma. 

Antibody levels in Aβ1–42 peptide immunized mice (n = 3) were significantly higher with 

333.9 ± 1.5 μg/ml plasma (p value 0.0059 Dunn’s post hoc test). Plasma samples had been 

tested in a 1:500 dilution.

3.4. No IFNγ and IL-17 secretion in re-stimulated splenocytes from DNA Aβ42 immunized 
3xTg-AD mice

Consistent with our previous findings, no inflammatory immune responses were detected the 

24 months old 3xTg-AD mice which had received DNA Aβ42 immunizations in splenocytes 

cultures which were re-stimulated with Aβ42 peptide while splenocytes from the mice 
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which had received Aβ42 peptide immunizations showed high numbers of IFNγ and IL-17 

producing cells in the respective FluoroSpot assays (Fig. 2B and C). For the inflammatory 

cytokine IFNγ, Aβ42 peptide immunized 3xTg-AD mice had 383.5 ± 115.5 (median ± 

SIQR) positive spots in the Aβ42 peptide re-stimulated wells (2 ± 0.5 spots in the medium 

controls, p = 0.0238, Mann-Whitney U test), while splenocytes from DNA Aβ42 trimer 

immunized mice did not produce IFNγ after Aβ42 peptide re-stimulation in culture. For the 

second inflammatory cytokine tested, IL-17, 3xTg-AD control mice had 36 ± 23.5 (median 

± SIQR) IL-17 secreting cells per 2.5 × 105 splenocytes in the medium control wells and 73 

± 42.5 spots after Aβ42 peptide re-stimulation while Aβ42 peptide immunized mice showed 

58 ± 6 IL-17 spots in the control wells and 508 ± 98 spots after Aβ42 peptide re-stimulation 

(p = 0.0238, Mann-Whitney U test). DNA Aβ42 trimer immunized mice did not show 

significant increased numbers of IL-17 spots after Aβ42 peptide re-stimulation in-vitro with 

20 ± 8.5 spots in the control wells and 91 ± 4.5 spots after Aβ42 peptide re-stimulation (p = 

0.1, Mann-Whitney U test, Fig. 2C).

Furthermore, no inflammatory T cell memory was detected in the DNA immunized mice 

while Aβ42 peptide immunized cells had high numbers of IFNγ producing memory T cells 

(Fig. 2D). Splenocytes from the non-immunized 3xTg-AD mice produced 50 ± 4.75 (median 

± SIQR) spots in the medium control wells and 102 ± 12.5 spots in the wells with Aβ42 

peptide (p value 0.0286 Mann-Whitney U test); splenocytes from Aβ42 peptide immunized 

3xTg-AD mice produced 81.5 ± 18.62 spots in the medium control wells and 324 ± 34.25 

spots after re-stimulation with Aβ42 peptide for 10 days (p value <0.0286 Mann-Whitney U 

test); splenocytes from DNA Aβ42 trimer immunized 3xTg-AD mice showed 160 ± 31.65 

spots in the control wells and 154.5 ± 5.85 spots in the wells with Aβ42 peptide (p value 

0.8857 Mann-Whitney U test).

3.5. DNA Aβ42 immunotherapy changed the gene expression profile in brain in the 3xTg-
AD mouse

Parallel sagittal brain sections to the selected Formalin Fixed Paraffin Embedded (FFPE) 

sections from DNA Aβ42 immunized 3xTg-AD mice and the non-treated 3xTg-AD controls 

used for RNA isolation and gene expression analysis with the Neuroinflammation gene 

panel (nanoString nCounter), are shown in Fig. 3A (n = 4/group) which had been stained 

with antibodies specific for the neuronal marker NeuN (red color) and an anti-Aβ42 

antibody (McSA1, brown color). Not shown are the brain sections from the age and gender 

matched wild-type controls used throughout the experiments. The 40 μm thick sections 

contained many different brain regions including all areas of the hippocampus (subiculum, 

CA1, CA2, CA3, Dentate), midbrain, cortex and cerebellum and thus RNA from all these 

regions was analyzed in the assay. In 3B, the >50% reduction of amyloid plaques in mice 

which had received DNA Aβ42 immunizations is illustrated in the enlarged pictures of the 

subiculum area from the same mouse sections shown in 3A in grey color shades for better 

visualization of the dark plaque areas. ImageJ was used for the semiquantitative analysis of 

the reduction in plaque area found in these brains. This result is shown to the right hand side 

of the graph. A significant reduction was found for the DNA immunized 3xTg-AD mice 

(blue bar) compared to the non-immunized 3xTg-AD controls (black bar, Wilcoxon exact 2-

sided p value 0.029), Reduction of tau was tested in lysates from the same brains shown here 
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in a Western Blot. Total tau was detected with the moab Tau12 and was significantly reduced 

in the DNA immunized mice compared to the non-treated 3xTg-AD controls (Wilcoxon 

exact 2-sided p value 0.029, Suppl. Fig. 2).

A multitude of differentially expressed genes were found. Significant changes in transcript 

levels between non-immunized AD mice and wild-type controls were detected for genes 

involved in microglia (Trem2, Ccl3, Csf1, Cd68, Cd84, Apoe, Itgax, Irf8, Ctse, Ctss, all p 
values <0.05 Kruskal-Wallis test) and astrocyte function (Cd14, Cd109, Vim, S100a10, all p 
values <0.05 Kruskal-Wallis test), cytokine and inflammatory signaling (Mpeg1, Btk, Spp1, 
Il1r1, Il6ra, Inpp5d, Ch25h, Lilrb4a, Syk, Tgfb1, all p values <0.05 Kruskal-Wallis test), 

matrix remodeling (Ptprc, Spp1, Mmp12, Tgfb1, all p values <0.05 Kruskal-Wallis test), 

apoptosis (Bcl2a1a, Bax, Casp4, Casp8, Fas, all p values <0.05 Kruskal-Wallis test), the 

innate (C1qa, C1qb, C1qc, C3ar1, C4a, Btk, Tyrobp, Ly6a, Syk, all p values <0.05 Kruskal-

Wallis test) and adaptive immune response (Cd74, Btk, Ctse, Ctss, Fcer1g, Fcgr2b, Inpp5d, 
Lilrb4a, all p values <0.05 Kruskal-Wallis test), consistent with an inflammatory phenotype 

in AD. Examples for these changes in transcript levels of microglia, astrocyte, and cytokine 

genes are shown in Fig. 4, A–C. From the 700 genes tested in the nanoString 

Neuroinflammation panel, 139 genes had a ratio difference (fold increase) between wild-

type controls and non-treated 3xTg-AD mice greater than 1.4. Most of the genes were 

upregulated in the transgenic mice in comparison to wild-type mice. From these 139 genes, 

50 had ratio differences greater than two; 41 of these genes were also changed in the DNA 

Aβ42 immunized 3xTg-AD mice compared to the non-immunized AD mice moving into 

direction of the wild-type controls indicative of downregulation of inflammation due to 

immunotherapy, respectively (Fig. 4, Table 1). From the 50 genes with a 2-fold ratio 

difference (p < 0.05), 24 genes were genes with microglial function, 11 had astrocyte 

functions, and 14 genes were involved in inflammatory signaling events, confirming the 

increase of inflammatory immune reactions and substantial overlap of cellular pathways in 

late stage AD in the 24 months old 3xTg-AD mouse model.

Considering the material from wild-type mice as far away from amyloid plaques as they 

have no plaques, and the material from non-immunized 3xTg-AD mice as close to amyloid 

plaques as they possess high numbers of amyloid plaques in the respective brain sections, 

significantly high levels of expression were found for the genes involved in microglia 

function and autophagy, Cd68, Clec7a, Trem2, and Tyrobp (Fig. 4D). These genes were 

specifically pointed out as plaque associated genes in sections isolated from brain sections 

close to and away from amyloid plaques with a laser capture system as highly significant in 

a customized gene panel (nanoString nCounter, Rothman et al., 2018). Comparison of 

transcript levels in wild-type mouse brain and non-treated 3xTg-AD mouse brains showed 

significant differences for Cd68 (p = 0.0231 Kruskal-Wallis), Clec7a (p = 0.0231), Trem2 (p 
= 0.0244), and Tyrobp (p = 0.0249). A lower expression of all four genes was found in the 

DNA Aβ42 immunized mice compared to the non-immunized 3xTg-AD mice, consistent 

with removal of amyloid plaques and downregulation of inflammation (Fig. 4D).

Another pair of genes, Cst7 and Itgax, which had recently been identified to be highly 

expressed in the entorhinal cortex of J20 mice (amyloid AD mouse model) and rTg4510 (tau 

AD mouse model) and strongly associated with the progression of both pathologies 
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(Castanho et al., 2020), was also significantly increased in brain samples from the non-

immunized group of 3xTg-AD mice compared to the wild-type controls (p values of 0.0057 

and 0.0023, Kruskal-Wallis), and reduced in brains of mice which had received DNA Aβ42 

immunotherapy (Fig. 4E).

3.6. DNA Aβ42 immunotherapy restored expression of immediate early genes in brain of 
the 3xTg-AD mouse to levels found in wild-type mouse brains

Significant changes were found for the immediate-early-genes, Bdnf, Homer1, Egr1, and 

Arc/Arg3.1 (Fig. 5A) involved in neuronal and neurotransmission pathways and memory 

formation (Hendrickx et al., 2014; Minatohara et al., 2016; Shepherd and Bear, 2011; 

Tyssowski et al., 2018) which were significantly higher expressed in DNA Aβ42 immunized 

3xTg-AD mice compared to non-immunized 3xTg-AD mice (p values of 0.0243, 0.0331, 

0.0427, and 0.0324 Kruskal-Wallis with Dunn’s post hoc multiple comparisons test, 

respectively), indicating effects of DNA Aβ42 immunotherapy on synapse stability and 

plasticity. BDNF levels were also tested in lysates prepared from the frozen hemibrains (left 

side) of the same mouse brains used for the nanoString assay and confirmed the results with 

significantly higher levels in the DNA Aβ42 immunized 3xTg-AD mice compared to the 

non-immunized mice (Fig. 5B). DNA Aβ42 immunized mice had BDNF levels of 1682 ± 

59.5 pg/ml (median ± SIQR) in the respective brain lysates, non-immunized 3xTg-AD had 

1155 ± 124.5 pg/ml, and wild-type mice had BDNF levels of 1305 ± 139.5 pg/ml. The p 
value for the comparison of protein levels between immunized and control 3xTg-AD mice 

was highly significant (p = 0.0012, Kruskal-Wallis with Dunn’s post hoc multiple 

comparisons test). Analysis of the transcript ratios of the IEGs in the 3 groups of mice and 

graphing of the data in a log2 transformation further illustrated the significance of these 

results (Fig. 5C and D).

Changes in transcript levels for two other immediate early genes were detected in the mouse 

AD gene panel; gene expression for Neuropentraxin 2 (Ntpx2 or Narp) and the secreted 

nerve growth factor polypeptide Vgf (non-acronymic). Ntpx2 was up in the RNA samples 

from DNA Aβ42 immunized 3xTg-AD mouse brains with 152 ± 24.95 (median ± SIQR) 

transcripts compared to the non-treated 3xTg-AD samples (114.1 ± 5.3 transcripts, and 

similar to the transcript numbers found in the wild-type mouse brain samples (142.9 ± 35.45 

transcripts, Fig. 5A). Vgf transcripts were significantly increased in brain of DNA Aβ42 

immunized 3xTg-AD mice with 511.6 ± 61.85 (median ± semi-interquartile range) copies 

compared to 414.1 ± 31.65 copies in the non-immunized 3xTg-AD mice (p value 0.0403, 

Kruskal-Wallis). Wild-type mouse brains had levels of 471.0 ± 67.85 copies for this gene 

(Fig. 5). Vgf has been described as an activity induced gene which is closely linked to Bdnf 
expression with peak levels 3 h after Bdnf incubation in neuronal cell cultures (Alder et al., 

2003; Hunsberger et al., 2007).

3.7. DNA Aβ42 immunotherapy restored expression of the circadian clock gene Per1 to 
wild-type levels

Transcript levels for the Per1 gene (period circadian clock 1) were significantly decreased in 

non-immunized 3xTg-AD mice consistent with high levels of Aβ accumulation in brain. 

While brains from DNA Aβ42 immunized 3xTg-AD mice had similar levels of Per1 
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transcript as wild-type mouse brains (435.4 ± 31 and 438.2 ± 50.2, median ± SIQR), brains 

from the non-immunized 3xTg-AD mice had significantly lower transcript numbers of 333.9 

± 36.9 (p = 0.0145 Kruskal-Wallis, Fig. 6). Thus, DNA Aβ42 immunotherapy restored 

expression of this circadian clock gene.

3.8. DNA Aβ42 immunotherapy leads to transcriptome changes in disease associated 
genes and increased expression of genes involved in vesicle trafficking and 
neurotransmitter release in brain of the 3xTg-AD mouse

Using the Nanostring nCounter mouse AD gene panel for the analysis of the same batch of 

RNAs isolated from the FFPE sections 24 months old mouse brains, additional changes in 

neuronal pathways were identified. From the 101 differently expressed genes out of 770 

genes included in the mouse AD gene panel, 58 genes were significantly higher expressed in 

the transgenic mice while 31 genes were significantly lower expressed. Twenty genes had 

significant changes similarly in both groups of 3xTg-AD mice, and eight genes showed 

significantly different levels from the wild-type mouse brain controls only in the DNA Aβ42 

immunized mice (all p values <0.05 Kruskal-Wallis test, Table 2). Only a small number of 

genes (n = 11) had ratio thresholds larger than 2: These were: A2m, C1qa, C1qb, C1qc, Ctss, 
Cyba, Fcer1g, Fxyd5, Pros1, Trem2, and Tyrobp.

From the 150 disease associated genes (Logsdon et al., 2019, Preuss et al., 2020, KEGG 

Pathways Database https://genome.jp/kegg/kegg1. html, Reactome, https://reactome.org/cite, 

and GeneOntology, http://geneontology.org/docs/go-citation-policy) included in the AD 

gene panel, only 20 genes showed significant increased or reduced expression levels in the 

24 months old 3xTg-AD mouse brains (nine genes are shown in Fig. 7, all 20 are included in 

Table 2). A reduced expression of the disease associated gene Ndufa5 (NADH ubiquinone 

oxidoreductase subunit A5) in the non-immunized 3xTg-AD mice (52.38 ± 2.2 transcripts, 

median ±) was restored to wild-type level in the DNA Aβ43 immunized 3xTg-AD mice 

(63.24 ± 11.1 and 63.64 ± 2.64 transcripts, respectively, Fig. 8).

Three of the AD disease associated genes, App. Mapt, and Psen1, are of mouse type in the 

gene panel, and are thus not different between wild-type and 3xTg-AD mice as the AD 

mouse model carries the human transgenes driving disease progression for which expression 

differences were not detected by assay design (supplementary Fig. 3).

From the 46 genes classified as involved in neurotransmitter release (Mouse AD consortium 

gene panel, Neuropath annotations, www.nanostring.com) only seven showed significant 

changes in comparison to the wild-type mouse brain: Adipor1, Atp2b2, Chrm3, Clic1, 
Gng12, Slc12a5, Slc39a1 (all p values <0.05 Kruskal-Wallis test, Table 2). From 18 genes 

classified as involved in transmitter synthesis and storage, four genes Chrnb2, Dnm1, Stx1b, 
Stxbp1, were significantly down regulated in non-immunized 3xTg-AD control mouse 

brains compared to wild-type mouse brain samples (all p values <0.05 Kruskal-Wallis test, 

Table 2). Atp2b2, Atp5j2, Slc8a2, Slc12a5, and Ndufa5 were found with higher transcript 

levels in DNA Aβ42 immunized 3xTg-AD mice and wild-type controls compared to non-

immunized 3xTg-AD mice, indicating effects of DNA Aβ42 immunotherapy on synapse 

function (Fig. 8, Table 2). It is highly likely these changes of genes involved in the 

neurotransmitter pathway are due to removal of the intraneuronal Aβ1–42 due to DNA 
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Aβ42 trimer immunotherapy, as it had been shown that in particular intraneuronal Aβ in 

early stages of the disease is responsible for loss of synaptic functions (Parodi et al., 2010, 

Saura et al., 2015, Ovsepian et al., 2018, Chakroborty et al., 2019).

3.9. Evidence for gene expression changes in many pathways due to DNA Aβ42 
immunotherapy in the 3xTg-AD mouse model

To combine all the expression data and provide a visible readout for the results from the 

mouse Neuroinflammation and mouse AD gene panels, heat maps from the log2 ratios of 

selected genes and volcano plots were constructed (shown in Figs. 9 and 10). Most genes 

with significant expression differences between the 3xTg-AD mice and wild-type controls 

were found for the microglial gene cluster (shown in 9A), the astrocyte gene cluster (9B) in 

the neuroinflammation panel, and genes classified as disease associated in the mouse AD 

gene panel (9C). Gene expression levels in wild-type mice were set as 1 (0 in the log2 

transformation) and shown with the blue color. Increased gene expression levels are visible 

with the yellow color shades. From the 24 selected microglial genes with significant 

expression increase in the non-immunized 3xTg-AD mice, many genes show a clear trend to 

have levels more similar to the wild-type mouse brains (visible as more blue). Of note: the 

heatmaps for the microglial genes shown in the graphical abstract and Figure 9A are not 

identical because the graphical abstract figure contains all microglial genes with ratios >1.4 

(41 genes) while the heatmap in 9A contains only microglial genes with ratios >2 (24 

genes). A similar trend is obvious for the 21 selected astrocyte genes (9B). A much less 

pronounced effect on differences in gene expression levels was seen for the genes in the 

mouse AD gene panel (9C), which is likely due to the old age of the mouse brains used in 

the experiments consistent with inflammation as a major player in late stage AD and 

expression of the AD associated genes earlier in AD pathology (Landel et al., 2014).

The volcano plots show statistical significance (log10 p value) versus magnitude of change 

(log2 fold change). It allows for a visual identification of genes with large ratio changes that 

are also statistically significant, as these may be the most biologically significant genes (Fig. 

10). Three different analyses were shown for expression differences from the 

Neuroinflammation gene panel: 3 T controls vs 3 T DNA (10A), 3 T DNA vs wt (10B), and 

3 T controls vs wt (10C). A list of the Top 20 significant differently expressed genes is also 

included in the figure. Each set of comparison has a number of genes which are unique for 

this specific comparison. B and C, in which the 3xTg-AD mouse brains were compared to 

gene expressions in wild-type mouse brains, have mainly genes involved in microglia 

function and inflammatory signaling consistent with the upregulation of inflammation in 

both groups with fine differences, while in the comparison in A, which compared the treated 

and non-treated 3xTg-AD mouse brains, a large number of genes involved in neuronal 

pathways (7 of 20) were found and is unique for this set of genes. The five immediate-early 

genes, Arc, Egr1, Bdnf, Homer1, and cfos, (ordered by significance) fall under the first 13 of 

the most significant differently expressed genes with p values of 0.0006, 0.0020, 0.0031, 

0.0075, and 0.0187 (same order as above) in the two groups of 3xTg-AD mice (see also 

paragraph above in this manuscript, Fig. 5).
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The second most significant differently expressed gene in the comparison of the two 3xTg-

AD mouse groups was Kmt2a (p value 0.001, Fig. 10A), having solid copy levels with over 

1000 transcript copies in the mouse brain samples. The gene Kmt2a encodes a 

methyltransferase enzyme that adds H3K4Me3 to histone proteins in the promoter regions of 

many genes leading to an increased and decreased expression of the associated genes, and 

the gene is therefore annotated in epigenetic regulation pathways. Samples from DNA Aβ42 

immunized 3xTg-AD mice had median levels of 1272 ± 53 (SIQR) transcripts compared to 

1143 ± 16.5 transcripts in the non-immunized 3xTg-AD (p = 0.0286, Mann-Whitney U test). 

Wild-type mouse brain samples had 1297 ± 79.5 Kmt2a transcripts with a p value of 0.0286 

as well in the comparison to non-immunized 3xTg-AD mice. The comparison of expression 

between wild-type mice and DNA Aβ42 immunized 3xTg-AD mice was not different (p = 

0.6857). Kmt2a had been shown to be important for memory consolidation in the 

hippocampus in Kmt2a knock-out mouse models (Kerimoglu et al., 2017).

4. Discussion

Data shown here for the first time highlight the many effects found in the 3xTg-AD mouse 

model after DNA Aβ42 immunotherapy. The 3xTg-AD mouse carries human genes causing 

plaque and tangle pathology. Even though there is no tau mutation in humans causing AD, 

the mutation introduced in this mouse strain causes frontotemporal dementia in human 

patients. Thus, the model is more complete than other mouse models which carry only 

mutations to accelerate Aβ pathologies and allows more insight into the pathology caused by 

AD hallmarks, Aβ and tau, and their interaction respectively. We had previously shown that 

DNA Aβ42 immunotherapy reduced both of these hallmarks in this animal model 

(Rosenberg et al., 2018), and we show here now clinical benefits such as increased life span 

and improved behavior in nest building as a daily living activity in the mice which had 

received active DNA immunotherapy, while Aβ42 peptide immunized mice had the lowest 

life span. It is highly likely that these findings are related to inflammation found after Aβ42 

peptide immunization in mice (Lambracht-Washington et al., 2009, 2011; Rosenberg et al., 

2018). Furthermore, we found effects of DNA Aβ42 immunotherapy on gene expression 

levels on many layers such as synapse function and synaptic stability not only inflammation, 

and which are highly likely due to the removal of Aβ peptides from brain resulting in 

changes in local gene expression, which is similar to our previously published findings in 

which we describe a significantly reduced tau pathology in the brains from 3xTg-AD mice 

after DNA Aβ42 immunotherapy due to indirect effects such as reduced tau kinase 

activation due to the removal of Aβ peptides from brain (Rosenberg et al., 2018).

Major impact on disease progression in Alzheimer’s disease (AD) derives from 

inflammation due to innate and adaptive immune responses. DNA Aβ42 trimer 

immunotherapy in AD mouse models had shown a non-inflammatory immune response and 

absence of antigen specific T cell proliferation (Lambracht-Washington et al., 2009, 2011; 

Rosenberg et al., 2018). We also showed the development of a regulatory T cell response in 

the mouse model which might have an important impact to downregulate potentially 

inflammatory T cells (Lambracht-Washington and Rosenberg, 2015). As consequence of an 

adaptive immune response following vaccination, immunological memory is established. 

This memory is long-lived after infection or vaccination and can be quickly activated 
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following antigen re-exposure. From results obtained with the very sensitive IFNγ 
FluoroSpot assay we present in this paper, high level of short lived effector cells as well as 

long lived effector memory cells in Aβ42 peptide immunized mice while DNA Aβ42 trimer 

immunized 3xTg-AD mice did not show either short lived effector cells nor long lived 

effector memory cells which is important for the continuance of a non-inflammatory 

immune response over time.

The downregulation of inflammatory pathways was further investigated on the level of gene 

expression in brain tissue. We used the nanoString nCounter® mouse Neuroinflammation 

gene panel assay, a newly developed system for analyzes of twelve FFPE brain sections in 

parallel (n = 4 mouse brain sections/group), to test for gene expression differences in non-

treated 3xTg-AD mice, DNA Aβ42 immunized 3xTg-AD mice, and wild-type control mice. 

The majority of the differently expressed genes had higher expression levels in the non-

immunized mice compared to the mice which had received DNA Aβ42 immunotherapy 

which can be interpreted as high levels of inflammatory processes and microglia and 

astrocyte activation in the non-immunized mice and reduction of inflammation in the DNA 

Aβ42 immunized mice. From the significant changes in many genes in the non-treated 

3xTg-AD mice compared to the age and gender matched wild-type controls, the differences 

between the two groups of 3xTg-AD mice, treated and non-treated, were not significant with 

the stringent Kuskal-Wallis statistical test. However, the consistently lower expression of all 

of the inflammatory genes tested here in the DNA Aβ42 immunized 3xTg-AD mice 

documents and supports the non-inflammatory signature of DNA Aβ42 immunotherapy for 

AD prevention. Lower levels of transcripts in the DNA immunized mice compared to the 

non-immunized 3xTg-AD mice were measured for eleven of the microglial genes, Hcar2, 
Itgax, Lilrb4a, Mmp12, Tlr2, Trem2, Tyrobp, Apoe, Casp8, Cd300f and Itgsf6; and six of 

the genes involved in astrocyte activation, Agt, Hspb1, Osmr, Serpina2n, Serping, and Vim, 
further supporting a trend of downregulation of inflammation due to removal of amyloid and 

plaque from brain and gene expression changes thereof.

Comparing co-expression of inflammatory genes, significantly high levels of expression 

differences between aged wild-type mice and 3xTg-AD mice was found for four genes 

involved in microglia function and autophagy, Cd68, Clec7a, Trem2, and Tyrobp. These 

genes were specifically pointed out as plaque associated genes in sections isolated from 

brain sections with a laser capture system as highly significant (Rothman et al., 2018). We 

found lower expression levels for these four genes as well in the DNA Aβ42 immunized 

mice compared to the non-immunized 3xTg-AD mice, consistent with removal of amyloid 

plaques and thus downregulation of inflammation.

Both microglial genes, Trem2 (Triggering receptor expressed on myeloid cells 2) and Apoe 
(Apolipoprotein E), were upregulated in the non-treated 3xTg-AD mice and lower expressed 

in the DNA Aβ42 immunized 3xTg-AD mice. Activation of the Trem2-Apoe pathway has 

been described as leading to loss of the ability of microglia to regulate brain homeostasis. 

Apoe is a regulator in microglia with disease-associated phenotype and this 

neurodegenerative phenotype is triggered by Trem2, leasing to consequent activation of 

Apoe signaling and suppression of the healthy homeostatic microglial phenotype 

(Krasemann et al., 2017). Similarly, common variants in the gene coding for the membrane-
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spanning 4-domains subfamily A (MS4A) protein as an AD risk gene show association with 

CSF soluble TREM2 concentrations suggestive of modulation of sTREM2 by MS4A 

(Deming et al., 2019). Ms4a4 transcript levels were also increased in the non-treated 3xTg-

AD mice.

The gene Immunoglobulin superfamily member 6 (Itgsf6) was identified as marker gene in a 

study of microglial genes in aging and neurodegeneration (Bonham et al. 2019). The authors 

found increased expression of ITGSF6, together with C1QB, C3, CD84, FCR1G, LAPTM5, 
SYK, and TLR7 (all genes we also found highly expressed in the 3xTg-AD mouse brain 

compared to wild-type controls in our gene panel), in specific regions of AD brain (superior 

temporal gyrus, frontal pole, dorsolateral cortex and parahippocampal gyrus) compared to 

normal control brain. The brain regions with atrophy early in AD (e.g., superior temporal 

gyrus and parahippocampal gyrus) were also regions with the highest expression of 

microglial genes (Bonham et al. 2019). In the mouse brains studied here, we found a 

significant increase of Itgsf6 transcripts in the non-immunized 3xTg-AD mice compared to 

the wild-type brains (p = 0.0324, Kruskal-Wallis), and a reduction in the DNA Aβ42 

immunized 3xTg-AD mice compared to the non-immunized 3xTg-AD mice which can be 

interpreted as less neurodegeneration in mice which have received DNA immunotherapy.

To seek for additional gene expression differences in brain in these very old mice, the same 

RNA samples were used in another assay, the AD mouse gene panel. From the 101 

differently expressed genes out of 773 genes included in the mouse AD gene panel, 58 genes 

were significantly higher expressed in the transgenic mice while 31 genes were significantly 

lower expressed. Eight genes were elevated or lower expressed in the DNA Aβ42 

immunized mice only in the comparison to expression levels in wild-type mouse brain 

controls (Table 2). This diverse pattern is due to the different gene sets tested for in the two 

assays: inflammatory genes are generally higher expressed with disease progression (most of 

the genes tested in the Neuroinflammation panel) while other genes having neuron specific 

functions like synapse stability and neurotransmitter vesicle release and vesicle recycling are 

lower expressed with disease progression (many genes in the mouse AD gene panel).

In the comparison of ratio thresholds between the 3xTg-AD mice and wild-type mice, 

overall much lower ratios for the transcript number differences than in the inflammation 

gene panel were observed. Only a total of 11 genes had a ratio threshold larger than two: 

A2m, C1qa, C1qb, C1qc, Ctss, Cyba, Fcer1g, Fxyd5, Pros1, Trem2, and Tyrobp. Nine of 

these were involved in inflammatory immune processes: C1qa, C1qb, C1qc, Ctss, Cyba, 
Fcer1g, Fxyd5, Trem2, and Tyrobp. Seven of these were overlapping with the genes found in 

the Neuroinflammation panel (tested in both panels). A2m is classified as a disease 

associated gene, and also Pros1 had been described as a potential biomarker for AD (Kim et 

al., 2019).

From the total number of 150 disease associated genes included in the AD gene panel, only 

for 22 genes (A2m, Apoe, Arpc1b, Cldn11, Cldn5, Fn1, Grn, Laptm5, S100a11, Tnfsrf1a, 
Cd74, Serpinb1a, Stxbp1, B2m, Dmn1, Plp1, Slc39a1, Tgfbr1, Trem2, Tyrobp, Zfp36, Yap, 
Table 2) significant increased or reduced expression levels were found in the 24 months old 

3xTg-AD mouse brains in comparison to the age and gender matched wild-type mouse 
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brains. In the comparison to the large number of genes with significant changes in the 

parallel analyzed Neuroinflammation panel, in which 53 genes had 2-fold expression 

differences compared to only 11 in the mouse AD panel, these data confirm findings by 

others that AD associated genes are expressed early in disease progression while 

inflammation is a late gene signature (Manavalan et al., 2013; Gatta et al., 2014; Landel et 

al., 2014; Castillo et al., 2017; Castanho et al., 2020). While we do not have the direct 

comparison of early and late disease in our experiments (young and old mice), results 

presented here by comparing the number of genes upregulated with the two gene panels 

confirm that clearly a higher number of genes were upregulated in the Neuroinflammation 

panel compared to the mouse AD gene panel (Tables 1 and 2). Thus, neuroinflammation is 

more pronounced in these old mice (late stage disease). Also different from the 

Neuroinflammation panel in which the genes were in general found to be higher expressed 

in the non-immunized mice and lower expressed in the mice which had received DNA Aβ42 

immunotherapy, a more diverse pattern of gene expression was found for the mouse AD 

gene panel. This is likely due to the gene sets included in this panel: which contain for 

example genes involved in neural connectivity, tissue integrity, axon and dendrite structures, 

and vesicle trafficking.

Synaptic genes are downregulated in AD with disease progression leading to malfunction of 

synaptic vesicle processing which was found in both groups of 3xTg-AD mice with lower 

expression for example of the gene Dynamin 1 (Dmn1) compared to wild-type mouse 

brains, while transcript levels of other genes like Atp2b2, Atp5j2, Slc12a5, Stx1b, Tbc1d30, 
and Ndufa5 also involved in synaptic vesicle processing are down in the non-immunized 

3xTg-AD mice and much higher expressed or even restored to wild-type levels in the DNA 

Aβ42 immunized 3xTg-AD mouse brains. While an exact mechanism for this result is not 

known, we would interpret these findings in particular as beneficial effect on brain health in 

general due to less pathology in the mice which had received DNA anti-Aβ immunotherapy. 

Genes important for maintenance of circadian rhythms are altered and play a role in AD 

disease progression as disturbances in the sleep–wake cycle are common symptoms of AD 

(Musiek et al., 2015). In mouse models it has been shown that an altered sleep cycle reduced 

Aβ clearance from brain and for the 3xTg-AD mouse model it has been shown that with 

progression of pathology, clock gene expressions changed in specific brain regions and also 

according to the light and dark cycles (Kress et al., 2018, Bellanti et al., 2017). In mice 

which had received DNA Aβ42 immunotherapy, expression of the circadian clock gene Per1 
was significantly increased and restored to wild-type levels in the immunized 3xTg-AD 

mice.

In both panels, the mouse neuroinflammation and the mouse AD panel, significant increased 

transcript levels (ratios >2) were found for the C1q genes. Binding of C1q is the first 

component of the classical complement activation pathway leading to cell lysis as defense 

response in the innate immune system. Fibrillary Aβ and neurofibrillary tau tangles have 

both been shown to be able to activate the classical complement pathway in vitro in the 

absence of antibody, which is the normal trigger for the classical complement cascade 

(Rogers et al., 1998; Chen et al., 1996). Since mouse Aβ differs from human Aβ by three 

amino acids in the N-terminal region and mouse C1q lacks two of the positively charged 

residues in the α-chain site critical for optimal Aβ/C1q binding, it was suggested that in 
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transgenic AD mouse models expressing human Aβ but do not express human C1q, this 

particular pathway of complement activation is compromised (Akiyama et al., 2000; 

Webster et al., 1999; Rogers et al., 1998; Chen et al., 1996; Jiang et al., 1994). Data 

presented here, indicate that beside these possible limitations, C1q is highly expressed in 

3xTg-AD brain tissue with much lower transcript levels in the DNA Aβ42 immunized 3xTg-

AD mice which is likely due to reduction of both complement activators, Aβ and tau 

(Rosenberg et al., 2018).

Of the 36 genes identified as Plaque-induced-genes (PIGs) which had no overlap with Aβ 
induced expression of microglial or astrocyte genes (Chen et al., 2020), 21 genes were 

included in either the mouse neuroinflammation or mouse AD gene panel tested here. 

Except for Gns, Igfbp5, and Lgmn, all of these were also significantly increased (p < 0.05, 

non-parametric Kruskal Wallis) in the non-treated 3xTg-AD mouse model compared to the 

age and gender-matched wild-type controls. Csf1r and Ofml3 were significantly higher in 

both groups of 3xTg-AD mice (treated and non-treated) with no difference in the transcript 

numbers, while the remaining 16 PIGs were consistently expressed at lower levels in the 

DNA Aβ42 immunized mice in accordance with the assumption that amyloid plaques are 

involved in local gene expression pattern in the brain. In Chen et al., 2020, the authors 

conclude that further work is needed to show which effects on PIG expression will be seen 

after removal of amyloid due to immunotherapy. Variations in the outcome of passive 

immunization in clinical trials can be attributed to the different antibody clones (Gallardo 

and Holtzman, 2017, Schneider, 2020), as well as to differences comparing active 

immunization regimen, which we have done by comparing active DNA Aβ42 immunization 

to active Aβ42 peptide immunization in mouse models (Lambracht-Washington et al., 2009; 

Rosenberg et al., 2018). To our knowledge, this is the first report showing the effect of DNA 

Aβ42 immunotherapy on the reduced expression of many genes upregulated in AD brain.

Most importantly, gene expression differences were found in the class of immediate early 

genes involved in memory formation and synaptic plasticity (Hendrickx et al., 2014; 

Minatohara et al., 2016; Shepherd and Bear, 2011; Tyssowski et al., 2018). These genes 

were expressed at lower levels in the non-immunized 3xTg-AD mice and not different in 

wild-type mice and the DNA immunized 3xTg-AD mice indicating that expression of these 

genes were restored to wild-type levels due to DNA Aβ42 trimer immunotherapy. In the 

volcano, plot comparing differently expressed genes in non-immunized 3xTg-AD mice and 

DNA Aβ42 immunized 3xTg-AD mice, large magnitude changes that are also statistically 

significant move to the top of the graph. In this statistical test, the immediate early genes, 

Arc, Egr1, Bdnf, Homer1, and cfos, in this exact order, moved to the top left side of the 

graph indicating that these genes have highly significant differences in gene expression 

between the two groups with low expression in the non-immunized 3xTg-AD controls. In 

the opposite comparison, 3xTg-AD DNA vs. 3xTg-AD con, these genes move to the other 

side (right hand side) of the graph, highlighting the significant upregulation of these genes 

after DNA Aβ42 immunization (exact mirror image, data not shown).

Presynaptic expression of the immediate early gene Neuropentraxin 2 (Nptx2, Narp) 

regulates excitatory synapses on parvalbumin interneurons which are dependent on the 

AMPA receptor subunit GluA4. Soluble Nptx2 protein co-localizes with the AMPA receptor 
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subunits at excitatory synapses and stabilizes the complex through multimeric binding 

(Chapman et al., 2020, O’Brien et al., 1999, Xiao et al., 2017). Human studies showed that 

these parvalbumin interneurons are particularly susceptible to degeneration and are up to 

60% decreased in numbers in AD brain (Brady and Mufson, 1997). Protein levels of Nptx2 

are reduced in CSF of human AD patients and can be correlated to cognitive performance 

and hippocampal volume (Xiao et al., 2017).

Arc which had been described as the master regulator of synapse plasticity, is probably the 

most significant gene of the five immediate early genes, Arc, Bdnf, cfos, Egr1, and Homer2 
which were found to be altered in the DNA immunized mice (Bramham et al., 2010, 

Hendrickx et al., 2014, Minatohara et al., 2016). Bdnf expression was confirmed on the 

protein level with a Bdnf ELISA assay from the same brain samples used for the nanoString 

nCounter gene expression assays showing also increased Bdnf protein levels in brain from 

DNA Aβ42 immunized 3xTg-AD mice compared to the non-treated 3xTg-AD controls. Of 

note, despite the fact that these genes are described as neuronal activity induced genes, we 

found the described differences in “non-exercised” mice. We do not know how high levels 

would have been in mice directly following neuronal stimulation directly after exercise or 

learning, but we present here significant differences for key genes in synaptic plasticity and 

memory formation in the AD mouse model by comparing groups of mice which had 

received DNA Aβ42 immunotherapy to reduce brain amyloid and mice which had not 

received therapy.

5. Conclusions

We present here for the first time, changes in the expression of a multitude of genes in the 

brains of mice which had received the DNA Aβ42 vaccine. Data presented show the effect 

of DNA Aβ42 immunotherapy on the downregulation of many inflammatory genes 

upregulated in AD brain, and the upregulation of a number of immediate early genes 

involved in memory and synaptic plasticity to levels found in wild-type mouse brains. The 

fact, that indeed many genes and pathways were altered strongly supports the note of 

substantial changes on the cellular environment due to the immunotherapy. The consistent 

finding of inflammatory changes in AD supports future efforts to develop anti-amyloid and 

anti-inflammatory combination therapies that will strengthen downregulation of 

inflammatory responses which are in part related to amyloid deposition but also related to 

independent inflammatory pathways and thus not affected by an anti-amyloid therapy. Data 

reported here highlight the multitude of changes in the 3xTg-AD mouse model due to DNA 

Aβ42 immunotherapy only. Furthermore, based on these data, we conclude that active DNA 

Aβ42 immunotherapy has high potential to be successful in a clinical trial as monotherapy 

or potentially as a combination therapy in early human AD patients to delay onset of the 

disease.
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Fig. 1. 
Clinical benefits due to DNA Aβ42 immunotherapy in the 3xTg-AD mouse model. A) 

Natural behavior of nest building: Nesting was assessed in groups of 24 months old 3xTg-

AD mice which had received DNA Aβ42 injection via gene gun delivery into the skin (blue 

bars, n = 8) or i.p. Aβ42 peptide injection (yellow bars, n = 3), non-immunized 3xTg-AD 

control mice (black bars, n = 10), and age and gender matched B6129F2 wild-type mice 

were used as healthy control groups (grey bars, n = 14). Shown are median values with 

interquartile change. DNA immunized mice performed better than the not treated 3xTg-AD 

control mice. Of note: because the wild-type mice did not build significantly better nests 

than the 3xTg-AD mice, additional 24 months old B6129F2 females were included in this 

test (total number of mice tested was n = 14). These additional mice were not included in the 

Life Span analyzes shown in B with nine wild-type mice. B) Increased Life Span in DNA 

Aβ42 trimer immunized 3xTg-AD mice: Kaplan Meier Survival curve shows 24 months 

survival in wild-type mice which is illustrated with a grey line, 24 months survival in DNA 

Aβ42 immunized 3xTg-AD mice which is illustrated with a blue line. Survival curves of 

Aβ42 peptide immunized and non-immunized 3xTg-AD mice are the yellow and black 

lines, respectively. Total mouse numbers at the beginning of the experimental time line were 

shown below the graph in Fig. 1B.
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Fig. 2. 
Immune responses in mice after anti-amyloid immunotherapy. A) Anti-Aβ42 antibodies in 

24 months old mice: Anti-Aβ42 antibody levels in mouse plasma were determined using a 

standard ELISA assay. Dark blue bars show antibody levels in 24 months old 3xTg-AD mice 

which had received DNA Aβ42 immunizations (n = 8), light blue bars show antibody levels 

in DNA Aβ42 immunized B6129F2 wild-type mice (n = 5), and yellow bars show antibody 

levels in Aβ42 peptide immunized 3xTg-AD mice (n = 3). Statistical significance shown in 

the graph derived from Kruskal-Wallis followed by Dunn’s test for statistical comparison of 

the groups. B and C) No production of inflammatory cytokine in re-stimulated splenocytes 

from DNA Aβ42 trimer immunized 3xTg-AD mice. IFNγ and IL-17 FluoroSpots in 3xTg-

AD control mice (n = 4), Aβ42 peptide immunized mice (n = 3) and DNA Aβ42 trimer 

immunized mice (n = 4). Light grey bars show spot counts in medium control wells, black 

bars show spot counts in the positive control wells (anti-CD3 moab stimulation), and striped 

bars show spot counts for Aβ42 peptide re-stimulated splenocytes. Shown are median values 

with interquartile change. Statistical significance shown in the graph derived from Mann-

Whitney statistical comparison of the groups.. D) IFNγ FluoroSpots counted from 3xTg-AD 

control mice (n = 4), Aβ42 peptide immunized mice (n = 3) and DNA Aβ42 trimer 

immunized mice (n = 4) in a T cell memory assay. Light grey bars show spot counts for cells 

which had been cultured in medium with IL-2 for 10 days (control wells), and striped bars 

show spot counts for cells which had been re-stimulated with Aβ42 peptide and IL-2 for 10 

days. Shown are median values with interquartile change. Statistical significance shown in 

the graph derived from non-parametric Mann-Whitney statistical comparison of the groups. 

E) Illustrates spot intensity in the IFNγ FluoroSpot; upper panel shows spots in positive 

control wells (anti-CD3 moab, 48 h) of splenocytes from peptide (left side images) and DNA 

immunized mice (right side images), lower panel shows spots in wells after Aβ42 peptide re-

stimulation for 48 h. Very low spot counts were found in the wells from DNA immunized 

mice (right image, lower panel).
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Fig. 3. 
Mouse brains selected for the transcriptome analyses. A) Shown are the selected sections (n 

= 4 for DNA Aβ42 immunized 3xTg-AD female mice. and n = 4 for the non-treated 3xTg-

AD female controls) in low magnification to give an overview across the entire sections 

stained with a NeuN antibody as neuron marker (red color) and an antibody dectecting Aβ1–

42 (McSA1, brown color). In B, the subiculum areas of the same sections is enlarged and 

reduced to grey color shades for better visualization of the dark colored plaque areas present. 

The four right hand sections were sections from DNA Aβ42 immunized 3xTg-AD mice in 

the same order as in A; the four left hand sections were from the non-immunized 3xTg-AD 

controls, respectively. The bar graph to the right hand side illustrated the ImageJ 

semiquantitative analysis of plaque density in the subiculum of the brain sections shown. 

The black bar is for the non-immunized 3xTg-AD control mice, the blue bar is for the DNA 

Aβ42 immunized mice. C) Workflow of the transcriptome analyzes.
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Fig. 4. 
Results from the Nanostring Mouse Neuroinflammation gene panel. Changes in gene 

expression profiles in the comparison of 24 months old DNA Aβ42 immunized 3xTg-AD 

mice (blue bars, n = 4), 3xTg-AD control mice (black bars, n = 4), and wild-type mice (grey 

bars, n = 4). A) Shows genes involved in microglia function, B) shows genes important for 

astrocyte functions, and C) shows genes classified as involved in cytokine signaling 

pathways. D) Effects of DNA Aβ42 trimer immunization on transcript levels of selected 

inflammatory genes in brain tissue. Significantly upregulated inflammatory genes in non-

immunized 3xTg-AD mice compared to wild-type control mice were down in DNA Aβ42 

trimer immunized 3xTg-AD mice. E) Transcript levels for genes Cst7 and Itgax. *, **, 

indicate p values of <0.05 and < 0.01 Kruskal-Wallis test. Shown are median values with 

interquartile change.
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Fig. 5. 
Transcript numbers of immediate-early- genes in RNA samples from brain sections of 24 

month-old mice analyzed with the mouse neuroinflammation and AD gene panels. DNA 

Aβ42 immunized 3xTg-AD mice are shown in blue bars (n = 4), non-immunized 3xTg-AD 

controls are shown in black bars (n = 4), and wild-type controls (n = 4) are shown in grey 

bars. Results shown are representative of two independent assays run using the same RNA 

samples. A) Shows the transcript numbers for the genes Egr1, cfos, Homer1, Arc, Ntpx2, 
Vgf, and Bdnf. *, ** indicates p values of <0.05 and < 0.01, Kruskal-Wallis, shown are 

median values with interquartile change. B) Shows the results from an ELISA confirming 

significantly increased Bdnf levels in brains from 24 months old 3xTg-AD mice which had 

received DNA Aβ42 immunotherapy in comparison to the non-immunized 3xTg-AD 

controls, p value of 0.0012, Kruskal-Wallis, shown are median values with interquartile 

change. C) Table showing the ratio differences in the three mouse groups, levels in wt mice 

was set as 1, D) Illustrates the ratio analysis in a log2 transformation graph.
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Fig. 6. 
DNA Aβ42 immunization restores expression of the Period circadian clock 1 gene (Per1) to 

wild-type levels. Transcript levels from DNA Aβ42 immunized 3xTg-AD mice are shown in 

blue bars (n = 4), non-immunized 3xTg-AD mice are shown in black bars (n = 4), and age 

and gender matched wild-type controls are shown in grey bars (n = 4). p value of 0.0145 

Kruskal-Wallis, shown are median values with interquartile change.
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Fig. 7. 
Transcript levels of eight disease associated genes analyzed with the mouse AD gene panel. 

Genes A2m (Alpha-2 macroglobulin), Adipor (adiponectin receptor 2), Cldn5 (claudin 5), 

Cd47 (CD47 antigen, Rh-related antigen, integrin-associated signal transducer), Grn 
(granulin), S100a11 (S100 calcium binding protein A11), Stx1b (syntaxin 1B), Tshz1 
(teashirt zinc finger family member 1), and CD74 (CD74 antigen, invariant polypeptide of 

major histocompatibility complex, class II antigen-associated) showed significant altered 

transcript levels in the 3xTg-AD mice (blue bars are DNA Aβ42 immunized mice, n = 4, 

black bars are non-immunized controls, n = 4) compared to the wild-type mouse brain 

samples (grey bars, n = 4). Shown are the median values with interquartile range, * indicates 

p values of <0.05, Kruskal-Wallis test.
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Fig. 8. 
Transcript levels of six genes involved in vesicle formation trafficking analyzed with the 

mouse AD gene panel. A) Comparison of transcript numbers for the genes Atp2b2 (ATPase, 

Ca++ transporting, plasma membrane 2), Atp5j2 (ATP synthase, H+ transporting, 

mitochondrial F0 complex, subunit F2), Slc8a2 (solute carrier family 8 (sodium/calcium 

exchanger), member 2), Slc12a5 (solute carrier family 12, member 5), Tbc1d30 (TBC1 

domain family, member 30), and Ndufa5 (NADH:ubiquinone oxidoreductase subunit A5), in 

DNA Aβ42 immunized 3xTg-AD mouse brains (blue bars, n = 4), non-immunized 3xTg-AD 

mouse brain controls (black bars, n = 4), and wild-type controls (grey bars, n = 4). Shown 

are the median values with interquartile range, * indicates p values of <0.05, Kruskal-Wallis 

test.
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Fig. 9. 
Comparison of heat maps constructed for selected genes involved in microglial activation 

(A), astrocyte function (B), and genes classified as AD disease associated (C). The three 

columns in each of the graphs represent the three mouse groups tested, wild-type mice (wt, n 

= 4), DNA Aβ42 immunized 3xTg-AD (3 T DNA, n = 4), and non-immunized 3xTg-AD (3 

T con, n = 4), with mean log2 ratio values of four brain samples in each of these groups. 

Tables below the heat maps list the genes and log2 ratios used for the assay in alphabetical 

order. Numbers in the last columns of the tables correspond to the numbers on the right hand 

side of the heat maps allowing for finding changes in the respective genes.
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Fig. 10. 
Scatterplots showing the most significant differently expressed genes (out of 750 genes 

tested in the Neuroinflammation gene panel) in the comparison of 3 T controls vs 3 T DNA 

(A), 3 T DNA vs wt (B), and 3 T controls vs wt (C). The scatterplots (left hand side of the 

graph) show statistical significance (log10 p value) versus magnitude of change (log2 fold 

change) for a visual identification of genes with large fold changes that are also statistically 

significant and may be the most biologically significant genes. In these volcano plots, the 

most upregulated genes are towards the right, the most downregulated genes are towards the 

left, and the most statistically significant genes are towards the top (top two quadrants, 

down-regulated, and upregulated). The lower two quadrants contain all the differently 

expressed genes (lower left, lower right) which do not reach high significance in this 

particular assay and are the majority of genes which do not show significant differences in 

the comparison of the two groups (major drop). Tables on the right hand side of the graph 

list the Top 20 most significant differently expressed genes. Values in the log2 change row 

are highlighted as downregulated in blue or upregulated in yellow. Each set of comparison 

has a number of genes which are unique for this specific comparison (indicated with # in the 

last row of the table). B and C have genes involved in microglia function and inflammatory 

signaling, while the comparison in A has a large number of genes involved in neuronal 

pathways (7 of 20), which is unique for this set of genes. Immediate early genes stand out in 
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this comparison and are indicated with red circles. Values from 4 mice per group per used 

for the statistical analyses shown.
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Table 1

Differently expressed genes in mouse brains, ≥1.4 fold ratio only (Mouse Neuroinflammation panel).

Transcript number significantly* higher in non-treated 3xTg-AD 
mice compared to wild-type controls and different in the two 

groups of AD mice**

Abcc3, Atf3, Btk, C1qa, C1qb, C1qc, C3, C3ar1, C4a, Casp4, Casp6, 
Casp8, Ccl3, Cx3cr1, Cd109, Cd14, Cd244, Cd68, Cd72, Cd84, Ch25h, 
Clec7a, Csf1, Csf3r, Cst7, Ctse, Ctss, Dock2, Fbnl5, Fcer1g, Fcgr2b, 
Fcgr3, Gpr84, Grn, Gsn, Hcar2, Hmox1, Hspb1, Ifi30, Igsf6, Il1r1, Il2rg, 
Il3ra, Il6ra, Inpp5d, Irak4, Irf8, Itgax, Lilrb4a, Ly9, Mafb, Mmp12, 
Mobbp, Mpeg1, Msr1, Ncf1, Ncr1, Osmr, Pik3cg, Ptpn6, Ptprc, Socs3, 
Srgn, Syk, Tgfb1, Tgm1, Tlr2, Tlr7, Tnfrsf1a, Tnfrsf1b, Trem2, Tyrobp, 
Vav1, Vim

Transcript number significantly higher in both groups of 3xTg-
AD mice compared to wild-type controls

Bcl2a1a, Cdkn1a, Csfr1. F3, Gpr183, Itgb5, Olfml3, Pdpn, S1pr3, Slamf9, 
Tmem37

Transcript number significantly lower in both groups of 3xTg-AD 
mice compared to wild-type controls

Ercc2, Mcm6, Pttg1, Sln8, Ccl4

Transcript number significantly higher in DNA Aβ42 immunized 
3xTg-AD mice

Lrcc25, Maff, Oas1g, Osgin1

Transcript number significantly lower in non-immunized 3xTg-
AD mice and levels similar to wild-type mouse brains in the 

DNA Aβ42 immunized 3xTg-AD mice***

Arc, Bdnf, Egr1, Kmt2a, Rala,

Genes highlighted in bold had ratios ≥2.

*
Significance between groups was analyzed using the non-parametric Kruskal-Wallis one-way analysis of variances including Dunn’s posthoc test, 

p values <0.05 were stated as significant.

**
Transcript levels were lower in the DNA Aβ42 immunized mice consistent with changes due to immunotherapy.

***
Genes in this group do not have the 1.4 ratio difference threshold, as these genes are expressed at lower levels in the non-immunized 3xTg-AD 

mice than in the wild-type controls.
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