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Abstract

Aging in the immune system results in tendency to proinflammatory responses. Intradermal DNA 

immunization showed Th2 polarized noninflammatory immune responses. We tested here 18-

month-old mice which were immunized with Aβ42 peptide, DNA Aβ42 trimer, or 2 different 

prime boost protocols identical to previous experiments. High Aβ42 antibody levels were found in 

aged mice which had received peptide immunizations (900 μg/mL plasma), and in mice which had 

received peptide prime and DNA boost immunizations (500 μg/mL), compared with antibodies in 

DNA Aβ42 immunized mice with 50 μg/mL. Although we found T-cell proliferation and 

inflammatory cytokines in mice which had received peptide or prime boost immunization, these 

were not found in DNA-immunized mice. The results are concordant with proinflammatory 

responses because of immunosenescence and contrain-dicate the use of Aβ42 peptide 

immunizations or prime boost immunization protocols for the use in elderly Alzheimer's disease 

patients. DNA Aβ42 immunization only on the other hand does lead to effective levels of 

antibodies without inflammatory cytokine or T-cell responses in the aged animal model tested.
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1. Introduction

Alzheimer's disease is the most common form of dementia found in the aging population 

worldwide. There is no cure for this disease, and treatment options are only symptomatic. 

Immuno-therapy provides the biggest hope and potential for future treatment options. 

Clinical trials with passive immunizations are ongoing after a major setback from a first 

clinical trial in 2001 (AN1792), in which patients received Aβ42 peptide immunizations 
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with Qs21 as adjuvant and 6% of the immunized patients developed meningoencephalitis 

because of an inflammatory Th1 immune response (Fox et al., 2005; Gilman et al., 2005; 

Orgogozo et al., 2003). Major efforts are now set on passive immunizations with preformed 

antibodies and active immunizations with epitope vaccines using only the B-cell epitope for 

antibody specificity, avoiding the Aβ42 T-cell epitope and thus avoiding a T-cell response 

(Carillo et al., 2013; Lambracht-Washington and Rosenberg, 2013a; Mangialasche et al., 

2010). With focus on a positive outcome from the current clinical trials for Alzheimer's 

disease (AD) prevention (Bateman et al., 2012; Garber, 2012; Morris et al., 2012), it is likely 

for the future that safe active immunization will be in demand. Compared with passive 

immunotherapy active immunization is much less cost intense and can be easily applied to 

large populations.

Vaccination in the elderly individuals, however, is not as successful as in younger 

individuals. Aging of the immune system or immunosenescence is at least in part 

responsible for the decreased immune response and low antibody titers. Immunosenescence 

can be characterized by several features and both, the innate and adaptive immune system 

undergo major changes with the aging process. There is a weakened ability to respond to 

new antigens and a higher bias toward inflammatory immune responses, and these changes 

received the descriptive term of inflammaging (Franceschi and Campisi, 2014; Franceschi et 

al., 2007; Giunta et al., 2008). The T-cell receptor repertoire in naïve and memory T-cells 

changes with age leading to a less diversified and more monoclonal immune response with 

main involvement of memory cells. Thus, memory B and T-cell responses are unsustained, 

whereas the naïve B and Tcell pools are much smaller in an aged immune system.

Aging leads to changes in regard to particular CD4 T-cell responses: T helper 1 (Th1) 

responses with production of the inflammatory cytokine IFNγ are increased, whereas T 

helper 2 (Th2) responses with production of IL-4, IL-5, and IL-13 are diminished. 

Immunosenescence leads also to a higher propensity to develop autoimmune responses 

(Akbar and Henson, 2011; Chen et al., 2009; Gruver et al., 2007; Sakata-Kaneko et al., 

2000; Solana et al., 2012; Uciechowski et al., 2008; Vasudev et al., 2014; Vukmanovic-

Stejic et al., 2011; Weksler, 2000). Vaccination in the elderly individuals is challenging and 

in the active Aβ42 peptide immunization clinical trial, AN1792, only a small percentage of 

patients (23.4%) showed positive antibody titers (Fox et al., 2005; Gilman et al., 2005; 

Holmes et al., 2008).

We have previously published the absence or downregulation of antigen specific T cells in a 

DNA Aβ42 immunization mouse model making it safe for possible use in AD patients as the 

risk for inflammatory autoimmune reactions is low (Lambracht-Washington et al., 2009, 

2011). In a DNA and peptide prime-boost immunization approach, we found that antibody 

levels were increased via the heterologous boost immunizations and that both peptide-

boosted immunizations as well as DNA-boosted immunizations worked very well in this 

regard (Lambracht-Washington et al., 2013). Considering the fact that age is an important 

factor for the development of AD and that the patient population affected by AD is in the 

elderly individuals, we repeated the prime-boost experiments in groups of aged mice (18–22 

months old) and compared these with the antibody and cellular immune responses in 

identical immunized adult mice (8–10 months old). The aim of this study is to show how 
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effective and noninflammatory DNA Aβ42 immunization is compared with 

proinflammatory peptide immunizations in a senescent immune system.

2. Methods

2.1. Animals and immunizations

Mice had been purchased from Jackson Laboratories (Bar Harbor, Maine) and were aged in 

the institute animal facility. 12- to 18-month-old B6SJLF1 or B6C3F1 mice were 

immunized with Aβ42 peptide, DNA Aβ42 trimer, or 2 different prime boost protocols 

identical to previous experiments (Lambracht-Washington et al., 2009, 2013). In brief, 

intradermal DNA immunizations with plasmid DNA encoding Aβ42 trimer were performed 

into mouse ear skin using the Helios gene gun (Bio-Rad, Hercules, CA). DNA-coated gold 

particles were injected onto both sides of the ears consisting of a total of 4 μg DNA per 

immunization. For Aβ1–42 peptide immunizations, the Aβ peptide (rPeptide Bogart, GA) 

was dissolved directly in PBS at 4 mg/mL and incubated overnight at 37 °C allowing fibril 

formations (Walsh et al., 1997). Mice received 100 μg Aβ peptide with QuilA (20 μg per 

mouse per injection, Sigma) as adjuvant mixed just before the intraperitoneal (i.p) 

immunizations. In the prime-boost protocol, mice received 3 immunization with DNA Aβ42 

trimer followed by 3 immunizations with Aβ42 peptide (DNA prime and peptide boost), or 

they received 3 Aβ42 peptide immunizations first followed by 3 immunizations with DNA 

Aβ42 trimer (peptide prime/DNA boost). Groups of 4 mice in 3 groups received either 6 

DNA immunizations, 6 peptide immunizations, or 3 DNA prime and 3 peptide-boost 

immunizations, 3 peptide prime and 3 DNA-boost immunizations in biweekly intervals, 

respectively. For the direct comparison of adult and aged mice, 16 adult mice were included 

in the experimental setup which received the respective DNA or peptide immunizations in 

parallel. In additional experiments, we had compared DNA immunizations in adult and aged 

Balb/c mice (4× immunized), as well as DNA and peptide immunizations in aged B6SJL 

mice (8× immunized). Animal use for this study was approved by the UT Southwestern 

Medical Center Animal Research Committee.

2.2. Plasma and splenocyte collections

Ten days following the final immunization, the mice were euthanized. Blood was collected 

by cardiac puncture. Spleens were aseptically removed and processed for tissue culture as 

previously described (Lambracht-Washington et al., 2009).

2.3. Analysis of cell proliferation by carboxyfluorescein succinimidyl ester dilution

This method has been described previously (Lambracht-Washington et al., 2011). Cell were 

labeled with carboxyfluorescein succinimidyl ester (CFSE, Molecular Probes, Grand Island, 

NY) and cultured for 6 days in medium or with Aβ42 peptide. After staining of the cells 

with fluorochrome labeled antibodies to detect CD4 and CD8 T-cell populations (BD 

Biosciences, San Jose, CA), the fluorescence of the cells was measured using an Accuri C6 

Flow Cytometer (Ann Arbor, MI). Data were analyzed with CFlow Plus, and proliferation 

was quantitated with FCS Express Version 3.
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2.4. Enzyme-linked immunosorbent assay and enzyme-linked immunospot (ELISPOT) 
assays

Enzyme-linked immunosorbent assays (ELISAs) for antibody levels and titers in mouse 

plasma and cytokine concentrations from cell culture supernatants, and enzyme-linked 

immunospot (ELISPOT) assays to determine frequencies of cytokine secreting cells were 

performed according to standard procedures and as previously described (Lambracht-

Washington et al., 2009, 2013).

2.5. Intracellular forkhead box P3 staining

Mouse splenocytes were analyzed for expression of the transcription factor forkhead box P3 

(Foxp3) directly ex vivo. For intracellular staining, a Foxp3 buffer set (eBioscience, San 

Diego, CA and Tonbo Biosciences, San Diego, CA) was used in combination with CD4-

FITC (clone GK1.5), CD25-PE (clone PC61), and Foxp3-Alexa645 (clone FJK-16s) 

(eBioscience) antibodies as recommended by the manufacturer.

2.6. Statistics

For statistics (unpaired t test with 2-tailed p values, Mann-Whitney t test, column statistics, 

1-way analysis of variance), we used GraphPad Prism version 6 for Windows (San Diego, 

CA, www.graphpad.com). p-values of ≤0.05 were considered significant.

3. Results

3.1. DNA Aβ42 immunization results in similar levels of anti-Aβ42 antibodies in adult and 
aged mice

To analyze the effectiveness of DNA Aβ42 immunization in aged animals, we compared 

directly the antibody levels and titers from 10-month-old adult mice and 18- to 20-month-

old aged mice, which had received 6 DNA immunizations or 6 peptide immunizations. 

Although there was a significant difference for the comparison of the amount of antibody in 

DNA- and peptide-immunized mice (p = 0.0002 and <0.0001), the direct comparison of 

adult and aged mice showed no significant differences for the antibody levels found after 

DNA or peptide immunizations (Fig. 1). Peptide-immunized mice had antibody levels 

(±standard deviation) of 907.4 (±130.1) μg/mL plasma in the aged mice and 844.4 (±51.02) 

μg/mL in the adult mice; DNA-immunized mice had antibody levels of 53.9 (±85.74) μg/mL 

in the aged mice and 29.94 (±22.43) μg/mL in the adult mice. For prime-boost 

immunizations, we tested 4 groups of aged mice and combined the data in Fig. 1. High Aβ42 

antibody levels were found in 18-month-old mice which had received the prime-boost 

immunizations. Both boost immunizations, DNA and peptide, were effective in increasing 

the antibody levels. After 3 DNA prime immunizations, aged mice had antibody levels of 

19.31 (±16.41) μg/mL which increased to 623.2 (±313.9) μg anti-Aβ42 IgG antibodies per 

mL plasma in the DNA prime and peptide-boost groups. Three times peptide-immunized 

aged mice had 116.4 (±13.31) μg/mL anti-Aβ antibodies which increased to 487.2 (±266.0) 

μg/mL in the peptide prime and DNA-boost groups (p-value for the comparison of the 2 

prime-boost groups 0.0885). To compare the effectiveness of the prime-boost regimen 

between aged and the adult mice which we had published before, we compared the antibody 

levels in an ELISA with a 1:1000 plasma dilution. For the peptide prime and DNA-boosted 
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groups in the adult mice, we found 518.5 ± 78.6 μg anti-Aβ IgG per mL plasma and for the 

DNA prime and peptide-boosted groups, we found 429.6 ± 63.8 μg anti-Aβ IgG per mL 

plasma (data not shown).

As isotype switching is an important process during the adaptive immune response and is 

influenced by the cytokine milieu present during the cellular interactions, the anti-Aβ 

antibody isotypes were analyzed and compared between the adult and aged mouse groups. 

The antibody isotype profile was IgG1 (Th2) in the DNA Aβ42-immunized mice, aged and 

adult, as shown with the higher IgG1-to-IgG2a ratio (>2), and mixed IgG1/IgG2a (Th1/Th2) 

in the peptide-immunized mice and in both prime/boost immunization groups highly 

consistent with our previous reports (IgG1-to-IgG2a ratios ≤1, Table 1). To achieve good 

comparisons for the antibody levels in adult and aged DNA immunized mice, titer analyses 

were performed as well. Both groups had anti-Aβ1-42 antibody titers of 1:3000 (titer ± 

SEM: adult mice, 1:3338 ± 1182; aged mice, 1:2900 ± 613; Fig. 1C). Similar results were 

obtained when we determined the titers for binding to 2 other Aβ peptides, Aβ3-42 and 

Aβ1-40, for plasma from DNA immunized mice (data not shown).

3.2. Analyses of a regulatory T-cell immune response in aged DNA Aβ42-immunized mice

In the comparison of 15-month-old B6SJLF1 mice which had received 8 DNA Aβ42 

immunizations or 8 Aβ42 peptide immunizations, we found a significant increase in the 

percentage of CD4+CD25+Foxp3+ T cells (Tregs) for the DNA-immunized mice (p = 

0.0016, unpaired t test). Although there was no significant difference in the percentages of 

T-effector cells (CD4+CD25+Foxp3−) and Tregs in the DNA-immunized mice, the Aβ42 

peptide-immunized mice has significantly increased numbers of Teffs in the comparison 

with Treg numbers in the same mice (p < 0.0001, unpaired t test), and in the comparison 

with Teff numbers in the parallel analyzed DNA immunized mice (p = 0.0016, unpaired t 

test, Fig. 2A).

We confirmed these findings in another mouse strain, Balb/c-Foxp3-EGFP, in which all 

cells expressing the fork head transcription factor Foxp3 are genetically labeled and show 

enhanced green fluorescence so that we do not have to use the intracellular staining protocol 

and which allows a direct comparison of cell numbers. In regard to the expected higher 

numbers of memory T cells (CD4+CD44+) in the aged mice, we analyzed a group of adult 

(8-month-old) and aged mice (2-month-old) which had received 4 DNA Aβ42 

immunizations for expression of CD44 and MHC class II on CD4+CD25+Foxp3+ T cells. 

The mean percentage of CD4+CD25+Foxp3+ cells was significantly increased in the aged 

DNA-immunized mice in the comparison with adult DNA-immunized mice (0.0286, Mann-

Whitney, Fig. 2B). Although we found no differences in the mean fluorescence intensities 

between adult and aged mice for CD44 as a memory T-cell marker on CD4+, CD4+Foxp3+, 

and CD8+ T cells, we found significant differences in the percentage of 

CD4+CD44+Foxp3+ cells with higher numbers in the aged mice (p = 0.0286, Mann-

Whitney, Fig. 2C). In regard to IL-10 secretion on Aβ42 peptide restim-ulation in culture, 

we found no significant difference between the 2 age groups in an ELISPOT assay: 179 ± 

37.5 cytokine secreting cell spots per 106 cells in the adult mice and 143 ± 47.15 spots in the 

aged mice (p = 0.2000, Mann-Whitney, Fig. 2D). Very low numbers of cytokine secreting 
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cells were found by ELISPOT for the parallel analyzed cytokines IL-4, IL-17, and IFNγ in 

these 2 mouse groups (data not shown). When we compared the percentages of 

CD4+Foxp3+ MHC class II+ cells between the adult and aged mice, we observed a slight 

increase of MHC class II positive Tregs (CD4+CD25+Foxp3+) in the aged mice which was 

not significant (p = 0.0636, Fig. 2F). However, when we compared the expression densities 

(mean fluorescence intensities) for Foxp3 on MHC class II positive and MHC class II 

negative Tregs, we found no difference in the adult mice although again the aged mice 

showed slightly increased Foxp3 protein expression levels on MHC class II positive Tregs 

(p-value 0.0175, unpaired t test, Fig. 2G). In humans, functional differences had been 

described for MHC class II positive and MHC class II negative Tregs (Baecher-Allan et al., 

2006).

3.3. Immunized-aged mice had increased levels of inflammatory cytokines, IFNγ, and IL-17

In addition to the antibody isotype data which provide information about the type of immune 

response elicited (Th1 or Th2), the analysis of cytokine secretion in response to Aβ42 

peptide restimulation in vitro provides further insights. ELIPOT analyses with splenocytes 

from the immunized-aged mice showed confluent cell layers secreting IL-17 or IFNγ after 

Aβ42 peptide restimulation as well as antigen unspecific T-cell stimulation with an anti-CD3 

antibody in peptide-immunized aged mice and the 2 aged prime-boost groups (>1000 

spots/106 cells). In aged DNA-immunized mice, we found 10 ± 8 spots for IFNγ-secreting 

cells and 2 ± 1 spots for IL-17-secreting cells and also confluent but not as dense layers of 

IFNγ- and IL-17-secreting cells after antigen unspecific anti-CD3 antibody stimulation 

(>800 spots/106 cells, Fig. 3A). The number of IL-4 secreting cells following Aβ1-42 

peptide restimulation in culture was 117.3 ± 20.43 spots per 106 cells in the 6 times peptide-

immunized mice, 125 ± 23.64 and 230.2 ± 30.92 spots in the 2 prime-boost groups, and 

16.67 ± 7.09 spots in the 6 times DNA-immunized mice. Similar levels of IL-4-producing 

cells were found for all 4 groups in the wells stimulated with an anti-CD3 antibody: 117.3 ± 

20.43, 77 ± 8.66, 78.33 ± 4.16, and 76.0 ± 14.18 spots per 106 cells (1-way analysis of 

variance for comparison of the groups, p = 0.0812). Similar results were found for the three 

aged mouse groups analyzed with this assay.

To analyze the amount of secreted IFNγ and IL-17 cytokine ELISA were performed with 

supernatants from the restimulated cultures after 72 hours. High levels of IFNγ and IL-17 

were found in mice which had been immunized with Aβ42 peptide and in the mice which 

had received the prime/boost immunizations. IFNγ of 4409 ± 122.4 pg/mL and 917.2 ± 11.5 

pg/mL IL-17A were measured for the peptide immunized mice, and 3628 ± 619.1 or 3442 ± 

739.7 pg/mL IFNγ and 497.7 ± 208.6 or 868.6 ± 13.1 pg/mL IL-17A in the 2 prime-boost 

groups, compared with in Aβ42 restimulated cultures from these mice compared with 753.7 

± 37.3 pg/mL IFNγ or 68.5 ± 29.8 pg/mL IL-17A in the DNA-immunized mice (Fig. 3B).

The comparison of adult and aged mice confirmed the predisposition to inflammatory 

immune responses in aged mice. This was particularly obvious for the IL-17 cytokine 

responses. Although adult mice which had received DNA immunizations did not secrete 

IL-17 (not in the ELISPOT assays, not in the cytokine ELISA), cells from the aged mice 

secreted high levels of IL-17 on the antigen-independent stimulation with an anti-CD3 
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antibody (661.9 ± 32.8 pg/mL, p-value in comparison with medium control <0.0001 

unpaired t test, Fig. 3C). Similar results were obtained for both of the mouse strains, 

B6SJL/F1 and B6C3/F1 in the comparison of adult and aged Aβ42-immunized mice.

3.4. Aged Aβ42 peptide-immunized mice showed high proliferation levels after Aβ peptide 
restimulation in vitro

Proliferation was measured with a CFSE dilution assay. No CD4+ T cell and no CD8+ T 

cell proliferation were found in the aged mice which had received DNA Aβ42 

immunizations (Fig. 4A and B). High levels of T cell proliferation was found for Aβ1-42 

peptide-immunized mice and both groups of prime/boost immunized mice (Fig. 4A). In 6 

times peptide-immunized mice, we found mean CD4 T cell proliferations (±SEM) of 

59.37% (±9.70); and in the 2 prime/boost immunized mouse groups, we found 42.67% 

(±12.91) and 46.04% (±17.33), respectively. These values are significant in the comparisons 

with proliferation in the medium controls: p-values were 0.0001 (6× peptide), 0.0175 (3× 

DNA/3× pep) and 0.0243 (3× pep/3× DNA). In 6 times DNA-immunized mice, the 

proliferation was not increased compared with the medium controls, 9.56% (±3.63) and 

11.63% (±1.26), p-value of 0.408. The CD8T cell proliferation were 30.16% (±8.12) for 6 

times Aβ42 peptide-immunized mice (p-value of 0.0089 compared with medium control), 

32.37% (±6.7) in 3× DNA/3× peptide immunized mice (p = 0.0476) and 17.91% (±4.66) in 

3× peptide/3× DNA-immunized mice (p = 0.0107). No CD8 T-cell proliferations was found 

for 6 times DNA-immunized mice with 8.3% (±1.63) proliferating cells in the medium 

controls and 11.63% (±4.21) in the Aβ42-peptide cultures (p = 0.2367, Fig. 4A).

Consistent with the predicted higher memory T-cell pool in aged mice, we found higher 

percentages of Aβ42 specific CD4 and CD8 T-cell precursor frequencies in Aβ42 peptide-

immunized mice in the comparison of aged and adult mice which was calculated from the 

CFSE proliferation assays. For CD4+ T cells, we found precursor frequencies of 1.55% ± 

0.43% in adult mice and 22.89% ± 13.21% in the aged mice; and for CD8+ T cells, we 

found precursor frequencies of 0.07% ± 0.01% in adult mice and 11.37% ± 10.84% in the 

aged mice. Despite a high standard deviation in the aged mice, the data are highly significant 

in the comparisons of CD4 and CD8 precursor frequencies in adult and aged mice (p = 

00,012 for CD4 and CD8, Mann-Whitney test, Fig. 4B).

4. Discussion

We and others had shown previously that DNA-immunization results in a Th2 polarized 

noninflammatory immune response, and we could show this here also for aged mice. These 

findings are significant as the patient population for potential Aβ42 immunotherapy is the 

elderly individuals with the aforementioned changes in the immune system because of 

immunosenescence (Chen et al., 2009; Solana et al., 2012; Vukmanovic-Stejic et al., 2011). 

Aging in the immune system results in tendency to proinflammatory responses, and this fact 

needs major consideration before using an autoantigen, such as Aβ42, to trigger an immune 

response and production of therapeutic antibodies for removal of excess Aβ42 from brain. 

This fact had likely also led to the negative side effects and termination of the clinical trial 

AN1792, in which AD patients had received Aβ42 peptide immunizations together with a 
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Th1 immune response boosting adjuvant and which had led to autoimmune inflammation 

(Fox et al., 2005; Gilman et al., 2005; Holmes et al., 2008).

Vaccines are generally given via intramuscular or subcutaneous injection of the respective 

antigen. The ease of access makes the skin to a preferred location and therefore a number of 

routes to perform these immunizations; the subcutaneous, the trans-cutaneous, and the 

epidermal routes are available for antigen injection and have been exploited (Nicolas and 

Guy, 2008). In recent years, the intradermal vaccination route has been proven to be highly 

effective in elderly humans for a seasonal flu vaccine (Camilloni et al., 2014; Holland et al., 

2008). DNA immunizations can be also applied via intramuscular and intradermal injections 

and the immune response is highly dependent on the respective site of antigen 

administration. Whereas the intramuscular route results mainly in Th1 responses which can 

result in inflammation, the intradermal location of antigen injection results in a polarized 

Th2 response which is under most circumstances noninflammatory and for which we report 

our results here (Pertmer et al., 1996). Although DNA immunizations had been shown to 

result in good immune responses in animal models, much less immunogenicity had been 

reported in humans. However, promising results were achieved when physical methods such 

as ballistic devices, gene gun or Biojector, or electroporation devices had been used (Drape 

et al., 2006; Grimes-Serrano et al., 2008; Ledgerwood et al., 2012; Roy et al., 2000; Smith et 

al., 2010).

The transition of therapeutic antibodies into the brain is hindered by the blood-brain barrier 

which is generally not permeable for large molecules like antibodies. Therefore, a critique 

point for AD immunotherapy is that the antibody amount needed for a successful treatment 

is too large and unrealistic. However, it is actually not known how much antibody is needed 

for a successful therapy. Mechanisms of antibody action include inhibition of aggregation, 

activation of microglia, and a peripheral sink mechanism which will all lead to decrease of 

aggregated Aβ in brain. Anti-Aβ antibodies were detected in CSF of patients which had 

received active Aβ immunization in AN1792 and were assumed to affect Aβ levels in brain 

(Hock et al., 2002, 2003; Orgogozo et al., 2003). In a number of blood-brain barrier 

permeability studies, it was found that permeability increases with age in healthy humans 

and was further increased in patients with AD in the comparison with healthy control 

subjects (Farrall and Wardlaw, 2009; Popescu et al., 2009). Results from mice receiving 

passive Aβ immunization had shown that anti-Aβ antibodies enter the brain and are found in 

regions with high amyloid concentrations; the ability to enter the brain changes with age and 

might depend also on features specific to the antibodies (Banks et al., 2007; Bard et al., 

2000). The antibody amounts found in aged DNA-immunized mice (mean 53 μg/mL 

plasma) were higher than the antibody levels, we had found earlier in transgenic APP mice 

(2.9 μg/mL plasma) and inwhich we found a substantial reduction in plaque load (50%) and 

total Aβ42 levels (41%) in brain from the immunized mice compared with control mice 

(Lambracht-Washington and Rosenberg, 2013b; Qu et al., 2006, 2007).

Our results showed the DNA Aβ42 immunization into skin leads to comparable antibody 

levels in adult and aged mice and based on studies to the optimal sites of immunization of 

elderly individuals with a flu vaccine, it is very likely that the skin as immunization site in 

aged AD patients will be the preferred route of application and that sufficient antibody 
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responses will be achieved. In regard to a diminished or increased Th2 T-cell responses 

which both had been described because of aging (Rink et al., 1998; Sakata-Kaneko et al., 

2000; Uciechowski et al., 2008), we did not find differences in the antibody isotype profile 

nor in the IL-4 cytokine responses between adult and aged DNA Aβ42-immunized mice. 

Thus, the Th2 immune profile following DNA immunization is not changed because of 

aging, making it unlikely that this type of immunotherapy would cause inflammation in AD 

patients.

In regard to changes in the regulatory T cell response, we found high numbers of 

CD4+CD25+Foxp3+ cells in the aged mice analyzed. In the comparison of Aβ42 peptide 

and DNA Aβ42-immunized mice, the difference in Tregs as measured in lymphocytes from 

spleen cells was highly significant. In Aβ42 peptide-immunized mice, we found significant 

higher numbers of T-effector cells. Actually, a shift to a more regulatory immune response 

because of aging has been described before and is in general considered to be responsible for 

the lack of immune surveillance and development of tumors in the elderly individuals (Fulop 

et al., 2010, 2011; Garg et al., 2014; Schmitt et al., 2013). For DNA Aβ42 immunizations, 

however, we have described this as a characteristic positive feature as the development of a 

regulatory immune response minimizes the risk of inflammatory auto-immunity against 

brain Aβ42 (article submitted). Thus, an increased regulatory T-cell response in the elderly 

individuals increases the safety of this immunotherapy approach.

In regard to increased inflammatory immune responses, we did find high levels of IFNγ and 

IL-17 secretion in the aged mice but with significant differences between DNA- and 

peptide-immunized mice and in the antigen specific (Aβ42) and antigen unspecific (anti-

CD3) responses. Peptide-immunized aged mice and the 2 prime boost-immunized mouse 

groups responded with high IFNγ and high IL-17 secretion on antigen specific as well as 

antigen un-specific stimulation. Although the adult DNA-immunized mice did not show 

IL-17 secretion on antigen-specific and antigen-unspecific stimulation, T cells from the aged 

DNA-immunized mice did not secrete IL-17 on Aβ42 peptide restimulation but secreted 

high levels in response to the antigen independent signal delivered with an anti-CD3 

monoclonal antibody. IL-17 is produced only byasubset of T cells, and naïve T cells do not 

secrete IL-17 on antigen-independent stimulation, not even in aged mice (data not shown). 

This showed that the aged DNA-immunized mice had a lower threshold for an inflammatory 

response but not to signals from the DNA Aβ42 immunization. Comparable results had been 

described in an allograft rejection model in mice, in which the authors showed for aged mice 

increased production of IL-17 but not IFNγ during alloactivation because of elevated 

numbers of memory CD4+ T cells (Tesar et al., 2009).

Different from a previous study inwhich we examined the effect of prime-boost 

immunizations on the humoral- and cellular-immune responses in adult mice and in which 

we could show that a DNA Aβ42-boost immunization following Aβ1-42 peptide prime did 

lead to the downregulation of T-cell proliferation, as well as cytokine secretion (Lambracht-

Washington et al., 2013), we found here that thisis not the case inanaged mouse model. CD4 

and CD8 T cells proliferated very well in peptide immunized mice as well as in the 2 prime-

boost immunization groups. A DNA boost following a peptide prime did not influence the 

cellular immune response.
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Our results are in concordance that immunosenescence in general leads to proinflammatory 

immune responses and contra-indicate the use of Aβ42-peptide immunizations as well as a 

pep-tide/DNA prime-boost immunization protocols for possible use in elderly AD patients. 

However, DNA Aβ42 immunization in the aged mouse leads to effective levels of antibodies 

to remove excess amyloid from brain (Lambracht-Washington and Rosenberg, 2013b; Qu et 

al., 2006, 2007, 2010) without inflammatory cytokine or proliferative cell responses. We 

conclude from these data that the aged patient with AD may deliver a safe and effective 

clinical response in removal of accumulated amyloid following active DNA Aβ42 

immunotherapy.
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Fig. 1. 
Analyses of the humoral immune responses in adult and aged mice. Antibody levels in the 

aged mice were analyzed after 3 prime immunizations, DNA Aβ42 and Aβ42 peptide, 

plasma dilutions 1:200 (A) and after 6 immunizations: peptide and DNA in adult and aged 

mice (n = 8 or n = 12), and DNA primed and peptide boosted and peptide primed and DNA 

boosted (n = 15 each group, plasma dilutions 1:1000, (B). Data shown are from the 

combined analysis of all blood samples in this study. The y axis shows the amount of IgG 

antibody in μg/mL plasma, the x axis shows the differently immunized mouse groups. In C, 

anti-Aβ42 IgG antibody titers were compared for DNA-immunized adult and aged mice. 

Analyses were performed in triplicates from 8 mice in each group; shown are mean and 

SEM. **** (p<0.0001), *** (p<0.0005), ns (p>0.05). Abbreviation: SEM, standard error of 

the mean.

Lambracht-Washington and Rosenberg Page 14

Neurobiol Aging. Author manuscript; available in PMC 2015 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Analyses of the regulatory immune response in adult and aged mice. This figure shows the 

analyses of CD4+CD25+Foxp3+ cells by flow cytometry and IL-10 secreting cells 

measured by ELISPOT from 2 different mouse strains. In A, percentages of 

CD4+CD25+Foxp3+ cells were compared in 15-month-old DNA Aβ42 and Aβ42 peptide 

immunized B6SJLF1 mice which had received 8 DNA Aβ42 or Aβ42 peptide 

immunizations, respectively. In B–G, DNA Aβ42-immunized adult and aged Balb/c-Foxp3-

EGFP mice were compared, which had received 4four DNA immunizations (n = 4/group). B 

shows a comparison of the percentages of CD4+CD25+Foxp3+ T cells. In C, the memory T 

cell marker CD44+ is included in this comparison. In D, IL-10 secretion from adult and aged 

splenocytes restimulated with Aβ42 peptide was measured by ELISPOT. In E, the gating 

strategy for the analyses of MHC class II positive Tregs is illustrated (indicated by arrows 

and boxed cell populations) and shown in F. In G, expression densities (MFI) for Foxp3 

were compared on MHC class II negative and positive Tregs for which the gating is also 

shown in E. ** (p<0.005), * (p<0.05), ns (p>0.05). Abbreviation: MFI, mean fluorescence 

intensities.

Lambracht-Washington and Rosenberg Page 15

Neurobiol Aging. Author manuscript; available in PMC 2015 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Analyses of the cytokine production in cells from adult and aged mice on restimulation. The 

secretion of cytokines was measured by ELISPOT, enzyme-linked immunospot and ELISA. 

In A, ELISPOT assays were compared for IL-4, IFNγ, and IL-17 secreting cells in aged 

B6SJL mice which had received 6-peptide immunizations, the prime-boost immunizations, 

or 6 DNA immunizations as indicated on the x axis. The cells had been cultured in medium, 

Aβ42 peptide, or anti-CD3 antibody containing medium. In B, the cytokine levels for IFNγ 

and IL-17 were shown for these mice as measured from 72 hours cell culture supernatants. 

In C, IL-17 secretion was compared between adult and aged DNA Aβ42 and Aβ42 peptide 

immunized mice in a 48-hour ELISPOT assay (left graph) or as measured from 48 hours cell 

culture supernatants (right graph). Shown are mean values and SEM. Results are 

representative for 2 or 3 identical performed experiments. **** (p<0.0001), ns (p>0.05). 

Abbreviations: ELISA, enzyme-linked immunosorbent assay; SEM, standard error of the 

mean.
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Fig. 4. 
Analyses of T cell proliferation in adult and aged mice with a CFSE proliferation assay. 

Mouse splenocytes were labeled with CFSE and cultured for 5 days with medium or Aβ42 

peptide. After staining with antibodies for CD4 and CD8, CFSE dilution was measured 

following gating on the respective T cell populations by flow cytometry. Proliferation was 

measured from triplicate wells for each of the mice analyzed. One circle represents the 

proliferation found for 1 individual mouse. In A, CD4 proliferation is compared for the 

differently immunized aged mouse groups (mean values and SEM). In B, CD8 proliferation 

is shown (mean values and SEM). Using the FCS3 express software, CD4 and CD8 

precursor frequencies were calculated based on numbers and daughter generations of 

divided cells for adult and aged Aβ42 peptide immunized mice (C). Results shown are 

representative for 3 similar performed experiments. *** (p<0.0005), ** (p<0.005),* 

(p<0.05), ns (p>0.05). Abbreviations: CFSE, carboxyfluorescein succinimidyl ester; SEM, 

standard error of the mean.
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Table 1
IgG1-to-IgG2a ratio calculated for the different groups

IgG1-to-IgG2a ratio, Th2/Th1 polarization

Aged Adult

6× DNA Aβ1-42 2.20, 2.84, 4.25 Th2 5.07, 5.64, 2.31 Th2

6× Aβ42 peptide 1.05, 0.96, 0.83 Mixed 1.03, 1.02, 1.01 Mixed

3× DNA/3× peptide 1.3, 0.97, 1.02 Mixed 1.16 Mixed

3× peptide/3× DNA 1.04, 1.11, 0.72 Mixed 1.01 Mixed

4× DNA Aβ1-42 2.82 Th2 2.4 Th2

These ratios are indicative of Th1 (<1), Th2 (>2), and mixed T cell (around 1) responses.

Results shown were from the different groups of aged and adult mouse strain comparisons (B6SJLF1, B6C3F1, and BALB/c) analyzed in this 
study.
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