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Abstract
The use of immunotherapy for Alzheimer’s Disease (AD) has traditionally focused on the
amyloid-β (Aβ) peptide and has shown great potential in both animal and human studies. However
an emerging body of work has begun to concentrate on tau and to develop immunization protocols
designed to decrease tau pathology in AD and other tauopathies. This commentary will discuss the
use of immunotherapy for AD, focusing on tau immunotherapy in the context of recent reports on
the use of tau phospho-peptides in transgenic models of tau pathology.

The Challenge of Alzheimer Disease Therapeutics - A role for
immunotherapy against new targets

Alzheimer disease (AD) is the seventh most prevalent cause of death in the US and the
leading cause of dementia, affecting more than 5 million Americans and 26 million
worldwide. Without an effective therapy it is estimated that the number of patients with AD
will duplicate by the year 2050 (Maslow, 2010). The cognitive impairment in patients with
AD are closely associated with loss of synapses and the formation of neurofibrillary tangles
(NFT) in the neocortex and limbic system (DeKosky and Scheff, 1990, DeKosky, et al.,
1996, Klucken, et al., 2003, Spires-Jones, et al., 2009, Terry, et al., 1991).

The two major pathological findings in patients with AD are extracellular plaques formed
mainly of the amyloid β (Aβ) peptide, (Selkoe, 1989, Selkoe, 1990, Selkoe, 1993) and
intracellular NFTs, which contain hyperphosphorylated tau (Grundke-Iqbal, et al., 1986,
Kosik, et al., 1986, Wood, et al., 1986). Several lines of investigation support the view that
increasing levels of amyloid-β 1–42 (Aβ1–42), the proteolytic product of amyloid precursor
protein (APP) metabolism, might be centrally involved in the pathogenesis of AD (Selkoe,
1989, Selkoe, 1990, Selkoe, 1993, Sisodia and Price, 1995). It has been proposed that in AD,
progressive accumulation of Aβ might be involved in the mechanisms underlying NFT
formation and synaptic loss (Mucke, et al., 2000, Perez, et al., 2008, Pham, et al., 2010,
Ribe, et al., 2005). The mechanisms through which accumulation of Aβ and other APP
metabolites might lead to synaptic damage and neurodegeneration are under investigation.
More specifically, the potential role of neurotoxic Aβ oligomers has emerged as a topic of
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considerable interest in recent years (Glabe, 2005, Klein, 2002, Klein, et al., 2001, Walsh
and Selkoe, 2004).

Most therapeutic approaches for AD have been focused at reducing Aβ accumulation by
decreasing APP metabolism by blocking the β or γ secretases (Arbel and Solomon, 2007,
Arbel, et al., 2005, Dovey, et al., 2001, Martone, et al., 2009, Richter, et al., 2010, Tomita
and Iwatsubo, 2006), by preventing aggregation (Klein, et al., 2001, Wisniewski and
Sadowski, 2008) or promoting clearance (Eckman and Eckman, 2005).

In recent years it has been reported that elderly AD patients express auto-antibodies against
Aβ (Du, et al., 2001) and tau (Rosenmann, et al., 2006) suggesting that the immune system
is capable of mounting a response against the pathological forms of these proteins. In this
context a number of groups have conducted studies aimed at inducing or enhancing this
immune response. To date, immunotherapeutic approaches to AD have mostly targeted Aβ
as it is a secreted protein that can be found in plasma and CSF and is easily accessible to
circulating antibodies. Immunotherapy has utilized antibodies against Aβ, generated
following vaccination or introduced passively, which function by promoting clearance and
reducing aggregation of this peptide (Lemere and Masliah, 2010). In the last decade, Aβ
immunotherapy has progressed from preclinical studies in transgenic mouse models of AD
to clinical trials in humans (Bard, et al., 2000, DeMattos, et al., 2001, Kokjohn and Roher,
2009, Vellas, et al., 2009).

Clinical trials of Aβ immunotherapy have investigated both active and passive immunization
protocols and have shown varying degrees of success. The first immunotherapeutic
approach to reach the clinical trail stage was an active immunization protocol using Elan
Pharmaceuticals AN1792 antibody. A number of positive features of this trial included the
ease of administration and the prospect of life-long immunity, however this trial was halted
in 2002 when a small number of trial participants reported adverse side effects (Kokjohn and
Roher, 2009), these effects have since been linked to the choice of adjuvant and will be
discussed later. Subsequent clinical trials have included active immunization with CAD-106
(Novartis), a peptide vaccine that contains a short N-terminal fragment of Aβ which
reportedly does not induce the T-cell response observed with AN-1792 (Lemere and
Masliah, 2010). Results from this trail report no significant differences between CSF Aβ
levels and MRI whole brain volumes between treated and placebo patients (Winblad, et al.,
2009). A number of clinical trials of active immunization are still ongoing, these include the
Merck V950 antibody, a peptide also based on the N-terminal region of Aβ and the Elan/
Wyeth Pharmaceutical Aβ immuno-conjugate AAC-001, where a fragment of Aβ is attached
to a carrier protein, though this trial was suspended in 2008 when a patient developed skin
lesions it is now recruiting again for a Phase II trial.

A number of passive immunization approaches have also reached clinical trial stage
including the Phase II Elan/Wyeth antibody Bapineuzumab trial, which showed side effects
such as vascular edema in the high dose cohort (2.0mg/kg) resulting in this dose being
excluded from the Phase III trial (Black, et al., Kerchner and Boxer, Laskowitz and Kolls).
Bapineuzumab has also been reported to reduce cortical PiB retention in AD patients
(Rinne, et al.). Another passive immunization approach was the humanized monocolonal
antibody Solanezumab from Eli Lilly, which was also well tolerated at lower doses and
showed a dose-dependent increase in CSF and plasma levels of Aβ (Siemers, et al.). The
results from these ongoing trials will shed more light on the safety, efficacy and feasibility
of immunotherapeutic approaches to AD and will no doubt be carefully monitored by
researchers hoping to develop other novel antibodies for AD immunotherapy.
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In the last few years some groups have investigated the possibility of utilizing
immunotherapy to target NFTs composed of abnormally phosphorylated tau, the other
neuropathological hallmark of AD. Two recent studies have shown that immunization
against phosphorylated forms of tau might be effective at reducing NFT pathology in vivo
and slowing the progression of behavioral deficits in transgenic mouse models of AD. The
current study by Boimel et al (Boimel, et al., 2010) expands on previous studies of tau
immunotherapy by demonstrating that antibodies against a number of phosphorylated tau
forms can reduce NFT formation, in addition Boimel and colleagues address the issue of
safety with regards to the efficacy of the chosen antigen and the antigen/adjuvant choice and
combination.

The current paper by Boimel and colleagues (Boimel, et al., 2010) joins a relatively short list
of studies that have concentrated on tau immunotherapy (Table 1). In the next section we
discuss the findings of this important report by Boimel et al and how it compares with other
reports.

Immunotherapy against tau in the treatment of Tauopathies
Tau is a primarily axonal microtubule-associated protein whose function is to stabilize the
microtubule structure allowing the efficient transport of cargo such as cell organelles from
the cell body along the axons. The activity of tau is tightly regulated by its phosphorylation
state, with too much or too little phosphorylation adversely affecting the ability of tau to
bind to the microtubules and its propensity to aggregate into fibrillar forms and tangles
(Goedert, 2005, Hanger, et al., 2009, Johnson and Stoothoff, 2004, Mandelkow, et al., 2007,
Mandelkow, et al., 1996). Hyperphosphorylated forms of tau have been reported in AD
where it aggregates into the NFTs characteristic of AD neuropathology (Binder, et al., 2005,
Goedert, et al., 2006). NFTs containing phospho-tau are also found in other
neurodegenerative disorders including fronto-temporal dementia (FTD), Progressive
supranuclear palsy, Corticobasal degeneration and Pick's disease (Bugiani, et al., 1999,
Frank, et al., 2008, Lee, et al., 2001, Spires-Jones, et al., 2009). Extensive study by a number
of groups has identified and characterized the particular phospho-epitopes associated with
tau misfolding and aggregation and the presence of these epitopes has been confirmed in
human brains (Goedert, 2005, Goedert, et al., 2006, Grundke-Iqbal, et al., 1986, Hasegawa,
et al., 1992, Kosik, et al., 1986).

Unlike Aβ which is a predominantly extracellular protein, tau and the hyperphosphorylated
forms of tau are intracellular and have traditionally thought to be inaccessible to antibodies.
However the recent demonstration by Masliah et al (Masliah, et al., 2005) that aggregates of
α-synuclein, an intracellular synaptic protein that accumulates in the brains of patients with
Parkinson’s Disease and AD, were reduced following active immunization with recombinant
α-synuclein in a transgenic mouse model, showed that intracellular proteins could also be
potential targets of immunization.

A number of recent reports on Aβ pathology have reported effects on tau pathology both in
triple transgenic mice (Oddo, et al., 2004) and in some AD patients (Masliah, et al., 2005,
Serrano-Pozo, et al., 2010). The relatively small degree of tau clearance seen in these studies
generated interest in the development of tau immunization protocols to specifically target
pathological form of tau.

In 2007 Asuni et al demonstrated that active immunization with the tau peptide 379–408,
phosphorylated at serine residues 396 and 404 (Tau379–408: Ser396/404) was effective
reducing the levels of tau aggregates in the brain of P301L transgenic mouse model of
tauopathy (Asuni, et al., 2007). These particular epitopes were chosen as they were known
to be pathological forms of tau found in AD brains and had been reported to increase the
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fibrillogenic nature of tau increasing its propensity to assemble into paired helical filaments
(PHFs). Asuni and colleagues showed that active immunization with the Tau379–408:
Ser396/404 peptide was capable of inducing antibodies against the phosphorylated forms of
tau and in the immunized mice the reduction in tau aggregation was accompanied by an
amelioration of the sensori-motor deficits associated with tau pathology (Asuni, et al.,
2007). The applicability of the Tau379–408: Ser396/404 peptide was subsequently
confirmed by this group in another model of tangle pathology (M146L PS1 (presenilin)
transgenic mice) where it was shown to improve cognitive performance in the immunized
mice (Sigurdsson, et al., 2008).

The present study by Boimel et al (Boimel, et al., 2010) also utilized an active immunization
protocol, however they injected the mice with a different combination of three separate
peptides: Tau195–213: Phospho202/205, Tau207–220: Phospho212/214 and Tau 224–238:
Phospho231, all of which have been associated with AD and tau-related pathology (Binder,
et al., 2005, Goedert, 2005, Mandelkow, et al., 2007, Mandelkow, et al., 1996). Boimel and
colleagues show a significant reduction in the levels of NFT in the CNS in the immunized
mice, which they discuss, may occur via lysosomal mechanisms. A similar mechanism
involving autophagocytic clearance has been implicated in α-synuclein immunization
(Masliah, et al., 2005) (Figure 1).

When considering the efficacy of tau-based immunotherapy approaches, the exact
mechanisms by which the antibody finds and interacts with tau and how they affect the
clearance of tau has been a topic of much debate. As mentioned tau is an intracellular
protein, however interactions between tau and the plasma membrane have been reported
(Brandt, et al., 1995) and phosphorylation has been proposed to regulate this interaction
(Maas, et al., 2000). Antibodies against tau may bind this tau, or other cell-surface receptors
and be internalized via endocytosis. Though the exact mechanisms to be clarified, once
endocytosed the anti-tau IgG may now be exposed to the intracellular tau. The clearance of
pathological forms of tau has been reported to require an intact ubiquitin-proteasome
pathway (David, et al., 2002, Oddo, et al., 2004), therefore it is plausible that the
endocytosed anti-tau IgG may be able to interact with pathological tau conformers targeted
for degradation, consistent with the results from Boimel and collegeagues and with the α-
synuclein immunization studies (Masliah, et al., 2005).

Taken together the studies by Asuni et. al., 2007 and Boimel et. al., 2010 demonstrate the
therapeutic potential of active immunization with tau peptides phosphorylated at sites
associated with the pathogenic misfolding and aggregation of tau in AD and other
tauopathies and demonstrate the innate ability of the immune system to develop antibodies
against these pathological forms of tau. However, given that there are multiple
phosphorylation sites on tau (Goedert, et al., 1995, Hanger, et al., 2009, Mandelkow, et al.,
1993, Mandelkow and Mandelkow, 1993, Pevalova, et al., 2006), many of which have been
reported to have pathological consequences, the identification and selection of the most
therapeutically relevant phospho-epitopes requires further research. Additional studies are
also necessary to evaluate the safety risks associated with a tau immunotherapy approaches.
Unlike Aβ, tau is not found in the cerebro-vasculature so the risk of microhemorrhage upon
immunotherapeutic intervention is slight, though the removal of tau tangles may lead to
unforeseen complications. Also, given that the activity levels of tau are tightly regulated by
its phosphorylation status, particular care should be taken to ensure that the immunotherapy
approaches target specifically the pathological forms of phospho-tau allowing
physiologically phosphorylated tau to continue to function. It is most practicable that these
vaccine safety concerns be addressed in tau transgenic animals, rather than controls in order
to allow all aspects of the interaction between the anti-tau IgG and pathological tau forms to
be investigated.

Ubhi and Masliah Page 4

Exp Neurol. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



EXPERIMENTAL AND SAFETY CONSIDERATIONS
In addition to the demonstration of NFT reduction by their chosen peptide antigens, Boimel
et al also address the issue of adjuvant choice and encephalitogenicity, an important
consideration given the concerns over the safety of immunotherapies. The importance of the
safety of immunotherapeutic approaches to disease was highlighted by the early suspension
of the trial of a vaccination with synthetic pre-aggregated Aβ1–42 (AN 1792) due to the
development of meningoencephalitis in a small subset of immunized AD patients (Kokjohn
and Roher, 2009).

The safety of vaccines can be influenced by the choice and combination of antigen and
adjuvant. The antigen in a vaccine is the molecule that is recognized by the immune system
and to which the immune system mounts a response, whilst adjuvants are agents introduced
into the vaccine to enhance this immune response (Glenn and O'Hagan, 2007).

With regards to the choice of antigen, previous work by Boimel and colleagues (Rosenmann
2006) had demonstrated that immunization with recombinant, unphosphorylated human tau
into wildtype (C57Bl/6) mice results in encephalomyelitis and actually increased NFT
pathology, this they discussed was due to the use of the unphosphorylated forms rather than
pathologically phosphorylated forms of tau as an antigen, a conclusion bolstered by the
positive results with the use of a variety of different phospho-tau peptides as antigens in the
current study by Boimel et al and previous studies (Asuni, et al., 2007, Boimel, et al., 2010,
Sigurdsson, et al., 2008).

The choice of adjuvant has long been a source of debate, with the key issue being the
balance between an adjuvant that would suitably enhance the activity of the immune system
following immunization without causing an adverse immune reaction. The importance of
adjuvant choice was underscored by the suspension of the AN-1792 trial, which was
subsequently suspected to be due to the choice of adjuvant (QS21), which may have been
due to increased T cell activity and infiltration in a subset of immunized patients (Cribbs, et
al., 2003), although it should be noted that other reports have suggested that the
meningoencephalitis observed in the AN-1792 trial may have been related to the carboxy
terminal region of Aβ (Pride, et al., 2008). It is important to note that QS21 is widely and
safely used in other vaccinations including those for HIV (Sasaki, et al., 1998) and malaria
(Bojang, 2006). The most common types of adjuvants currently used in vaccines approved
for human use are aluminium salts, which have many years of experimental and clinical use
to attest to their safety (Baylor, et al., 2002). However a number of animal studies use
complete Freund’s adjuvant (CFA) combined with pertussis toxin (PT) to induce an immune
response. The initial study by Asuni et al used alum as an adjuvant as they report its effects
to be milder that those associated with the use of CFA/PT and their study showed no adverse
immune reactions (Asuni, et al., 2007).

Interestingly the previous study by Boimel and colleagues used the CFA/PT protocol in
addition to the unphosphorylated tau antigen (Rosenmann, et al., 2006) therefore there had
been some debate as to the role played by this adjuvant choice in the adverse immune
reactions involved - however in the current study Boimel et al demonstrate that the use of
the CFA/PT protocol this time in combination with the phospho-tau peptides did not result
in the encephalomyelitis observed in their previous study (Boimel, et al., 2010). This
suggests that the severe immune reaction seen in their previous paper was indeed related to
the choice of antigen, the unphosphorylated tau, rather that the choice of adjuvant. The
currently ongoing clinical trial with ACC-001 will be have groups that are given ACC-001 ±
QS-21, and a QS-21 alone group, the results from these groups should also provide some
information as to the safety of adjuvant choice.
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Taken as a whole these studies highlight the importance of the choice of antigen used and
demonstrate the efficacy and safety of phospho-tau peptides in combination with the CFA/
PT immunization protocol in animal studies.

CONCLUSIONS AND FUTURE DIRECTIONS
Immunotherapeutic approaches to the treatment of AD, whether aimed at Aβ or tau, show
real promise and are prime candidates for further research, though it is possible that a
combination immunotherapy approach may be more beneficial than either approach alone.
Furthermore, passive immunization protocols for tau could also be considered as an
alternative to the active immunization approaches reported thus far. In addition to providing
an important new therapeutic avenue for AD, these tau immunotherapy studies confirm the
validity and relevance of immunization protocols aimed at intracellular proteins.

As with any new therapy, safety considerations need to be carefully addressed in the
development of any immunotherapy protocol and given the differences in the immune
systems of mice and humans it may be prudent that this work be carried out in more
extensively in non-human primates before introduction to human patients.

However, the benefit from the development of effective vaccines to AD is likely to spur on
many researchers especially as the development of effective and safe tau vaccines may be of
potential use not only for AD but also for other tauopathies such as FTD.
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Figure 1. Mechanisms of tau aggregate clearance by antibodies
Immunotherapy might reduce the pathology associated with the accumulation of tau
aggregates either by promoting internalization of the antibody antigen complex and
degradation via autophagy (A) or by preventing trans-synaptic dissemination of the
aggregates and synaptic toxicity (B) or by cloaking the process of inter-neuronal
transmission of excreted Tau aggregates (C).
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