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Abstract

Immunotherapeutic approaches to treating Alzheimer’s disease (AD) using vaccination strategies
must overcome the obstacle of achieving adequate responses to vaccination in the elderly. Here we
demonstrate for the first time that application of the E. coli heat-labile enterotoxin adjuvant-laden
immunostimulatory patches (LT-IS) dramatically enhances the onset and magnitude of immune
responses to DNA- and protein-based vaccines for Alzheimer’s disease following intradermal
immunization via gene gun and conventional needles, respectively. Our studies suggest that the
immune activation mediated by LT-IS offers improved potency for generating AD-specific
vaccination responses that should be investigated as an adjuvant in the clinical arena.
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1. Introduction

Alzheimer’s disease (AD) is characterized by dementia that typically begins with subtle and
poorly recognized failure of memory that gradually becomes severe and incapacitating.
Other common findings include confusion, poor judgment, language disturbance, agitation,
withdrawal, and hallucinations (Brookmeyer et al., 2007). The neuropathological features of
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the disease include neurofibrillary tangles (NFT), deposition of amyloid-$ (AB) in senile
plaques, and neuronal loss in affected brain regions (Price and Sisodia, 1994). Based on the
amyloid cascade hypothesis (Hardy and Higgins, 1992, Hardy and Selkoe, 2002), many
active and passive vaccination strategies directed toward reducing the A deposits are
currently being tested in clinical trials (Lemere and Masliah, 2010). In the first AN-1792
clinical trial the vaccination led to the development of meningoencephalitis in some of the
patients, which was believed to be associated with anti-Ap specific T cell autoreactivity
(Nicoll et al., 2003, Masliah et al., 2005). Of note, only low titers of anti-Af antibodies were
generated in the majority of AD patients, and there was a lack of measurable antibody
responses in approximately 40% of the patients even after additional injections with
modified formulations (Bayer et al., 2005)-(Fox et al., 2005). Hence, overcoming both
safety issues and poor immunogenicity has evolved as being the primary barriers to
successful immunotherapy for AD.

We have previously generated DNA-, peptide- and protein-based epitope vaccines
composed of three copies of a self B-cell epitope of AB4, (AB171 or AB12) and the foreign T
helper (Th) cell epitope or string of multiple Th epitopes, collectively designated as
universal MultiTEP platform. These prototype AD vaccines were found to be safe based on
lack of induction of T cell autoreactivity, and were also highly immunogenic in wild-type
mice, APP/Tg mice, rabbits and monkeys (Petrushina et al., 2007, Movsesyan et al., 2008,
Davtyan et al., 2010, Davtyan et al., 2013, Ghochikyan et al., 2013, Evans et al., 2013).
However, induction of immune responses in humans is more challenging and requires a
potent adjuvant (in case of protein vaccines) or delivery system (in case of DNA vaccines)
to induce potent Th responses and subsequently high titers of antibodies. Of note, the only
conventional adjuvant approved by FDA for protein vaccines are aluminum based adjuvants.
On the other hand, the application of DNA immunization methods used in mice did not
provide encouraging results in humans or large animals (Babiuk et al., 2003) although three
types of veterinary DNA-based vaccines have been approved (Kutzler and Weiner, 2008).

In this study as an effort to improve the immunogenicity of the AD DNA vaccine, we have
evaluated the addition of a topical adjuvant to the vaccine regimen. Transcutaneous
immunization has been shown to be effective at inducing strong systemic and mucosal
responses (Glenn et al., 2003, Guerena-Burgueno et al., 2002) and adjuvants such as heat-
labile enterotoxin of Escherichia coli (LT) have very strong immune stimulatory activity
when administered transcutaneously at sites of antigen injection (Glenn et al., 1999,
Scharton-Kersten et al., 2000). In previous studies, immune stimulating patches containing
LT that were applied at the injection site of influenza protein and DNA vaccines were found
to dramatically enhance the virus-specific immune response in mice (Guebre-Xabier et al.,
2004, Mkrtichyan et al., 2008). Here, we extended this approach to test the ability of LT-1S
patches to enhance the efficacy of a DNA epitope vaccine, DepVac (Davtyan et al., 2012)
and cGMP grade recombinant protein epitope vaccine, Lu AF20513 (Davtyan et al., 2013)
for AD. This report demonstrates that LT-1S can dramatically enhance humoral and cellular
immune responses to DNA and protein vaccines against AD.

2. Materials and methods

2.1 Mice

Female, 5-6 week-old C57BL/6 and B6SJL mice were obtained from The Jackson
Laboratory (ME). 12-16 month-old 3xTg-AD and 4-6 month-old Tg2576 mice were
provided by the UCI-Alzheimer’s Disease Research Center (ADRC). All animals were
housed in a temperature and light-cycle controlled facility, and their care was under the
guidelines of the National Institutes of Health and an approved IACUC protocol at
University of California, Irvine.
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2.2 Immunogens and immunization

DNA construct—The construction strategy of pPCMVE/MDC-3Af1,-PADRE (DepVac)
has been previously described (Movsesyan et al., 2008). C57BL/6 (n=16) and 3xTg-AD
mice (n=16) were immunized biweekly by gene gun for 6 weeks as described previously
(Movsesyan et al., 2008, Davtyan et al., 2010).

Protein epitope vaccine—Lu AF20513 protein composed of three copies of B cell
epitope from AB42, AB1_12, and two foreign Th cell epitopes from Tetanus Toxin (TT), P30
and P2, was purified as previously described (Davtyan et al., 2013). B6SJL (n=18) and
Tg2576 mice (n=20) were immunized three and five times biweekly, respectively. Mice
were immunized intradermally (i.d.) in the abdomen with 50 g Lu AF20513 in 30 pl
volume by conventional needle and immediately after injection, LT-1S or placebo patches
were applied to the immunization site. One group of Tg2576 mice (n=7) was immunized s.c.
with the same amount of Lu AF20513 formulated in aluminum based adjuvants,
Alhydrogel® (Brenntag Biosector, Denmark). For analysis of the humoral responses, sera
were collected on day 12 after first and second immunizations and 7 days after the third
immunization.

2.3 Patch application

Patches were applied as described previously (Mkrtichyan et al., 2008). Briefly, mice were
anesthetized and the skin was shaved at the site of immunization. The shaved skin was
pretreated by hydration with saline and the stratum corneum was disrupted by mild abrasion
with emery paper (GE Medical Systems, NJ). Wet patches containing phosphate buffered
saline (placebo patch) or 10 ug LT (LT-IS patch) were applied on pretreated skin overnight.

2.4 Detection of anti-Af antibody concentration using ELISA

Concentrations of anti-amyloid  (AB) antibodies were measured in sera of immunized and
control mice as we described previously (Ghochikyan et al., 2006, Davtyan et al., 2010).
Antibody concentrations in sera collected from individual mice or in pooled sera were
calculated using a calibration curve generated with the 6E10 (anti-Ap) monoclonal antibody
(Signet, MA). HRP-conjugated anti-IgG1, 1gG2aP, 1gG2b and IgM specific antibodies
(Bethyl Laboratories, Inc., TX) were used to characterize the isotype profiles of antibodies
in pooled sera from wild-type and transgenic mice at dilutions of 1:500 and 1:200,
respectively.

2.5 T cell proliferation and detection of cytokine production

On day 7 after the third immunization mice were euthanized and cellular responses were
evaluated in splenocytes. T cell proliferation was analyzed in splenocyte cultures using [3H]
thymidine incorporation assays and stimulation indices were calculated as described
previously (Agadjanyan et al., 1997, Cribbs et al., 2003, Davtyan et al., 2010). ELISPOT
assay was used to determine the number of antigen-specific cells producing cytokines (IFN-
v and IL-4) in splenocyte cultures from individual mice as described previously (Davtyan et
al., 2013). Cultured splenocytes from experimental and control mice were re-stimulated in
vitro with PADRE, P30, P2 (all are from GenScript, NJ), ABsg (American Peptide, CA), Lu
AF20513, or irrelevant peptides (10 pg/ml of each peptide).

2.6 Statistical Analysis

Statistical parameters [mean, standard deviations (SD), and p values] were calculated using
Prism 3.03 software (GraphPad Software, Inc., CA). Statistically significant differences
were examined using a t-test or analysis of variance (ANOVA) and Tukey’s multiple
comparisons post-test (P < 0.05 was considered significant).
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3.1 Effects of LT-IS patches on the humoral and cellular immune responses in C57BL/6
and 3xTg-AD mice immunized with DNA vaccine

In this study, we examined the role of LT-IS patches in enhancing anti-Ap immune
responses in wild-type C57BL/6 and the 3xTg-AD strain (both has the same H2P immune
haplotype) mice. The latter is a mouse model of AD, which mimics the Ap and tau
pathology found in human AD. The mice were immunized with DNA epitope vaccine,
DepVac, delivered by i.d. route with gene gun and treated with either LT-IS (experiment) or
placebo (control) patches that were applied at the site of immunization immediately after
injection. Measurement of anti-Ap titers after the last immunization showed that application
of LT-IS patches significantly (P < 0.05) enhanced anti-Ap antibody response in both
C57BL/6 and 3xTg-AD mice (Fig. 1A, B). Interestingly, in both cases 5 out of 8 animals
generated very high concentrations of antibodies specific to amyloid, while LT-IS patches
did not enhanced immune responses in 3 mice from each group. Analysis of the kinetics of
anti-Ap antibody responses showed that the first injection of DepVac induced only low
levels of antibodies in all groups; however, after the third immunization, high antibody
concentrations were attained in the LT-1S and control treatment groups (Fig. 1C, D). Despite
the similar kinetic profile of antibody responses in the two groups, this vaccination regimen
elicited higher overall antibody titers in the DepVac/LT-IS group vs. the DepVac/placebo
group. As we expected from our previous studies where antibodies produced after DepVac
immunizations were predominantly of the 1gG1 isotype (Movsesyan et al., 2008, Davtyan et
al., 2010), application of LT-IS patches did not change the profile of isotype of anti-Ap
antibodies (ratio of 1gG1/1gG2aP equals 15 and 16 for LT-IS patch and placebo patch
application, respectively), although there were increased concentrations of 1gG2b antibodies
in LT-IS vs. control treated mice (Fig. 1E, F).

To determine whether application of LT-IS patches also affects T helper cell activation, we
analyzed cytokine profiles and proliferation of splenocytes from vaccinated mice that were
re-stimulated in vitro with PADRE peptide, which is encoded by the DepVac construct (Fig.
2). As shown in Fig. 2A and B application of LT-IS patches to DepVac-vaccinated C57BL/6
and 3xTg-AD mice elicited increased frequencies of T cells producing IFN-y and IL-4
compared with placebo patches (P < 0.01 and P < 0.05; respectively, for C57BL/6 mice;
Fig. 2A and P <£0.01 and P < 0.001; respectively, for 3xTg-AD mice; Fig. 2B). When T cell
proliferation was examined, splenocytes from DepVac-vaccinated C57BL/6 and 3xTg-AD
mice that were treated with LT-IS patches also exhibited increased antigen-specific T cell
proliferation compared to the groups that received placebo patches (P < 0.05) (Fig. 2C, D).
Of note, anti-AB T cell responses were not detected in cultures of immune splenocytes (data
not shown). These data indicate that PADRE specific cellular immune responses are
perfectly correlated with anti-Ap antibody responses. Thus, LT-1S patches dramatically
improved anti-PADRE cellular and anti-Af antibody responses to DepVac delivered i.d. by
gene gun without drastically changing the isotype profile of antibodies generated in C57BL/
6 and 3xTg-AD mice (Fig. 1 and 2).

3.2 Effects of LT-IS patches on the immune responses in B6SJL and Tg2576 mice
vaccinated with Lu AF20513 recombinant protein vaccine

In this study we evaluated the effect of LT-1S patches on immune responses induced by a
GMP grade recombinant protein-based AD epitope vaccine, Lu AF20513 (Davtyan et al.,
2013) delivered to B6SIL mice of H2P% haplotype intradermally using a conventional
needle. Three immunizations of Lu AF20513 induced the production of an average of 8.9
pg/ml anti-Ap antibodies whereas application of LT-IS patches to the site of immunization
increased the antibody production more than 10 times, 99.21 + 87.5ug/ml (Fig. 3A and B).
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Analysis of the production of 1gG1, 1gG2aP, IgG2b, and IgM isotypes of anti-Ap antibodies
in Lu AF20513-immunized mice showed a predominance of the 1gG1 isotype,
corresponding to Th2 type of immune responses, although there were increased
concentrations of 1gG2b antibodies in LT-IS vs. control treated mice (Fig. 3C).

Analysis of T helper cell responses was also conducted by re-stimulating splenocytes from
Lu AF20513-vaccinated B6SJL mice with appropriate Th epitopes, P2 and P30 peptides in
vitro (Fig. 4). Application of LT-IS patches to mice led to significantly increased
frequencies of cells producing IFN-y and IL4 cytokines upon re-stimulation (Fig. 4A and B).
These results were confirmed by proliferation assays where splenocytes from mice
immunized with Lu AF20513 plus LT-IS patches induced significantly stronger T cell
proliferation responses to the both Th peptides, P2 and P30, than those from mice
immunized with Lu AF20513 plus placebo patches (Fig. 4C). As we anticipated from our
studies with Tg2576 mice immunized with Lu AF20513 (Davtyan et al., 2013), wild-type
mice of the same immune haplotype did not induce anti-Ap specific Th cell responses to
immunizations with Lu AF20513 as well (data not shown).

As mentioned above, Lu AF20513 formulated in strong Quil-A adjuvant is immunogenic in
Tg2576 mice: anti-Ap antibody generated by this vaccine reduce AD-like pathology in the
brains of this mouse model of AD without inducing microglial activation and enhancing
astrocytosis or cerebral amyloid angiopathy (Davtyan et al., 2013). Accordingly, in this
study we decided to measure the effect of LT-1S patches in enhancing of immune responses
to immunizations with Lu AF20513 in the same mouse model of AD. Intradermal
immunization of Tg2576 mice with Lu AF20513 followed by application of LT-IS patch
only slightly increased anti-Ap antibody responses vs placebo patches (Fig. 5A). In one hand
these data were unexpected, because of results presented above in Figure 3 and because
immunization of Tg2576 mice with Lu AF20513 formulated in Quil-A induced strong
antibody production (Davtyan et al., 2013). On the other hand, our previous studies
indicated that fibrillar AB4, vaccine formulated in conventional adjuvant, Alhydrogel® was
also weakly immunogenic in Tg2576 mice (Petrushina et al., 2003). Thus, we analyzed
humoral immune responses in Tg2576 mice vaccinated with Lu-AF20513 formulated in
Alhydrogel® and showed that similar to fibrillar AB4, immunizations, vaccinated mice
induced only low titers of anti-Af antibodies. Although concentrations of anti-Af antibody
responses was quite low in both groups of mice, analysis of the kinetics of humoral immune
responses showed that LT-1S patches induced the highest antibody titers after three
immunizations, and the antibody responses were more sustained following subsequent
immunizations than in the Lu AF20513/Alhydrogel® immunized group (Fig. 5B). Of note,
LT-1S and Alhydrogel® both induced in Tg2576 mice Th2 type of humoral immune
responses: 1gG1/1gG2aP ratio equals 7.8 and 22.2 in mice immunized with Lu AF20513/LT-
IS and Lu AF20513/Alhydrogel®, respectively ((Fig. 5C). Collectively mice study is
indicating that LT-IS patches are potent adjuvant that are enhancing the immunogenicity of
Lu AF20513 vaccine.

4. Discussion

In the present study, we investigated a novel approach for bolstering immune responses to
DNA and protein based AD epitope vaccines using transcutaneously applied heat-labile
enterotoxin (LT) adjuvant. Data from preclinical studies (Petrushina et al., 2007) as well as
from the first clinical trial AN1792 (Patton et al., 2006, Holmes et al., 2008) argue that high
titers of long lasting anti-Ap antibody could be beneficial in reduction of Ap-deposits in the
brain and in improvement of cognitive function. Currently several active immunotherapy
strategies are being tested in clinical trials. The available data demonstrate that induction of
high titers of anti-Af antibody in AD patients is difficult to achieve and potent adjuvants are
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required. Recently, it was shown that topical administration of LT-IS patches (Intercell
USA, Inc.) at the site of protein vaccine injection resulted in 10- to 50-fold increases in the
influenza virus-specific immune response (Guebre-Xabier et al., 2004). In response to this
adjuvant, activated Langerhans cells migrate to the draining lymph nodes where they present
the antigen to T cells. Importantly, transcutaneous delivery of LT to the skin can be achieved
with a high degree of safety, overcoming the toxicities observed when the adjuvant is
injected with vaccine (Glenn et al., 2003). Accordingly LT-1S patches currently have been
evaluated in various clinical trials with the goal to enhance the efficacy of conventional
vaccines (Frech et al., 2008, Glenn et al., 2009). Indeed, our group has also demonstrated
that LT-IS patches augment anti-influenza IgG1 antibody responses induced by DNA
vaccination of wild-type mice (Mkrtichyan et al., 2008).

DNA vaccines have many advantages over conventional protein/peptide based vaccines,
being relatively safe, cost efficient, and capable of sustaining reasonable levels of antigen
expression within cells. DNA vaccines can be easily manipulated in order to modify genes
and to target the desired type of immune response. However, one caveat is that the
immunogenicity of DNA vaccines is low in large animals and humans, perhaps owing to
inefficient transfection of cells by naked DNA. It has been estimated that only 10% of
injected DNA gets into the cytoplasm and less than 1% of the DNA within the cell enters the
nucleus (Babiuk et al., 2003). Thus, numerous approaches have been tested for improving
the in vivo uptake and expression of plasmid DNA, including gene gun (Fuller et al., 1997,
Torres et al., 1997), electroporation (McCray et al., 2006, Luxembourg et al., 2007) and
fluid-jet (Walther et al., 2004) devices; lipid based delivery systems (Gregoriadis et al.,
1997), encapsulation of DNA in different microparticles (Jones et al., 1997, Hedley et al.,
1998) etc.). Another approach to enhance the humoral and cellular immune responses is co-
delivery of DNA immunogens and molecular adjuvant-gene encoding different cytokines or
chemokines (Ertl and Xiang, 1996, Kim et al., 1998), or combinations of molecular and
conventional adjuvants. In this report, we demonstrated that application of LT-1S patches
significantly enhanced the onset and amplitude of anti-Ap antibody responses to gene gun
immunization with a DNA-based AD epitope vaccine as well as to a protein vaccine
delivered intradermally. The enhancement of anti-Af antibody responses correlated with
higher numbers of activated T cells specific to foreign T cell epitopes incorporated into the
vaccine.

To confirm that the LT-IS patch may be as effective as clinically approved conventional
adjuvants we compared antibody responses induced by Lu AF20513 vaccine formulated
Alhydrogel® or in combination with LT-IS in Tg2576 mice, known as a poor responder to
B-amyloid based vaccines (Petrushina et al., 2003, Movsesyan et al., 2010). We
demonstrated that i.d. injection of Lu AF20513 and application of LT-1S patch induced the
same low levels of anti-Ap antibody response in Tg2576 mice as s.c. injection of Lu
AF20513 formulated in Alhydrogel® (Fig. 5) as we reported with other epitope vaccine
(Movsesyan et al., 2010). Of note, both vaccination protocols did not induce
meningoencephalitis (no infiltration of CD3* CD4" or CD3*CD8™" T cells in the brains of
injected animals was observed). Although Alhydrogel® remains the most commonly used
adjuvant and currently approved for use in humans by the FDA, it sometimes demonstrates
limited effects in clinical settings (Langley et al., 2009). Having in mind that the LT-IS
patch proved to be well tolerated in clinical trials (Glenn et al., 2009) and considering the
ease of storage and manipulations of patches, it could be a superior alternative to
Alhydrogel® adjuvant. Importantly, we should mention here that the strong immunogenicity
of the Lu AF20513 vaccine formulated in Alhydrogel® was shown in two animal species,
guinea pigs and monkeys (Davtyan et al., 2013). Collectively, these results suggest that the
Lu AF20513 formulated into the Alhydrogel® may induce different immune responses in
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different animal models and only future clinical trials may show the efficacy of this
formulation in vaccinated subjects.

In conclusion, this report has uncovered an improved DNA and protein immunization
protocol associated with adjuvant delivered by LT-IS patches for AD. Further development
of these technologies may improve the utility of any plasmid DNA and protein vaccination
method.
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Figure 1. LT-IS patches significantly increased humoral immune responses in C57BL/6 (A,C,E)
and 12-16 month-old 3xTg-AD mice (B,D,F) immunized with DepVac administered
intradermally via gene gun

Concentrations of anti-AB antibodies were measured in individual mice after the 3d
immunization (A, B). Kinetics of anti-Af responses were analyzed in pooled sera (C, D).
The isotypes of serum antibodies were analyzed in individual mice (E, F). Sera from wild-
type and 3xTg-AD animals were used at dilutions of 1:500 and 1:200, respectively. Lines
and error bars represent the average value £ SD.
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Figure 2. LT-IS patches significantly increased cellular immune responses in C57BL/6 (A,C) and
12-16 month-old 3xTg-AD mice (B,D) immunized with DepVac administered intradermally via
gene gun

Cytokine-producing T cells (A, B) and proliferation of T cells (C,D) were detected in
splenocyte cultures after three immunizations by ELISPOT and [3H] thymidine
incorporation assays, respectively. Splenocytes from individual mice were re-stimulated in
vitro with the PADRE peptide (10 pg/ml). Error bars represent the average value £ SD (n=4;
*P<0.05, **P<0.01, ***P<0.001).
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Figure 3. LT-IS patches significantly increased humoral immune responses in B6SJL mice
immunized with Lu AF20513 protein by intradermal administration with conventional syringe
Concentrations of anti-Ap antibodies were measured in individual mice after 3

immunization (A). Kinetics of anti-Af} responses were analyzed in pooled sera (B). The
isotypes of serum antibodies were analyzed in individual mice (C). Sera from vaccinated
mice were used at dilution 1:500. Lines and error bars represent the average value + SD.
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Figure 4. LT-IS patches significantly increased cellular immune responses in B6SJL mice
immunized with Lu AF20513 protein by intradermal administration with conventional syringe
IFN-vy (A) and IL-4 (B) producing T cells and proliferation of T cells (C) were detected in
splenocyte cultures after 3 immunizations by ELISPOT and [3H] thymidine incorporation
assays, respectively. Splenocytes from individual mice were re-stimulated in vitro with the
P30 and P2 peptides (10 pg/ml). Error bars represent the average value = SD (n=4; *P<0.05,
**P<0.01, ***P<0.001).
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Figure 5. Intradermal immunization with Lu AF20513 followed by application of LT-IS patch
and s.c. injection of Lu AF20513 formulated in Alhydrogel® induced equal levels of anti-AB
antibody responses in Tg2576 mice

Concentrations of anti-AB antibodies were measured in individual mice after 3"

immunization (A). Tg2576 mice were immunized 5 times and kinetics of anti-Ap responses
were analyzed in pooled sera. (B). Antibody isotypes were analyzed in sera of individual
mice after 3'd immunization (C). Sera from Tg2576 animals were used at dilution 1:200.
Lines and error bars represent the average value + SD.
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