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Abstract
Immunotherapies targeting the amyloid-β (Aβ) peptide in Alzheimer's disease (AD) have
consistently been effective in mouse studies and shown promise in clinical trials, although some
setbacks have occurred. First, encephalitis was observed in a small subset of patients. More recent
autopsy data from a few subjects suggests that clearance of Aβ plaques may not halt cognitive
deterioration once impairments are evident, emphasizing the need for other more effective
approaches at that stage of the disease.

Another important target in AD is the neurofibrillary tangles and its precursors, composed
primarily of hyperphosphorylated tau proteins, which correlate well with the degree of dementia.
As Aβ and tau pathologies are likely synergistic, targeting both together may be more effective,
and perhaps essential as early diagnosis prior to cognitive decline is currently unavailable. Also,
Aβ immunotherapy results in a very limited indirect clearance of tau aggregates, showing the
importance of developing a separate therapy that directly targets pathological tau. Our findings in
two tangle mouse models indicate that active immunization targeting an AD phospho-tau epitope
reduces aggregated tau in the brain and prevents/slows progression of the tangle-related behavioral
phenotype, including cognitive impairment. These antibodies enter the brain and bind to
pathological tau within neurons although the therapeutic effect may at least in part be due to
clearance of extracellular tau that may have biological effects.

We are currently clarifying the mechanism of these promising findings, determining its epitope
specificity as well as assessing the feasibility of this approach for clinical trials.

Keywords
Tau; immunotherapy; vaccine; immunization; phosphorylation

INTRODUCTION
Over 20 years ago, several mutations were discovered in the amyloid precursor protein
(APP) around the amyloid-β (Aβ) cleavage site or within the peptide in familial forms of
Alzheimer's disease (AD) and related congophilic amyloid angiopathies. These important
findings led to the overriding focus of AD therapies on this particular peptide. Initially, most
of these studies focused on developing inhibitors of its aggregation and/or its production.
More recently, harnessing the immune system to clear Aβ has been particularly promising,
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and various immunotherapies targeting Aβ are currently in clinical trials [1,2]. While some
encouraging results have been reported [3-10], recent preliminary findings from the Phase I
AN1792 trial suggest that it may be too late to target Aβ for clearance once cognitive
impairments are evident [11]. Specifically, several Alzheimer's patients in the trial had
substantial or near complete removal of Aβ plaques although experiencing severe end-stage
dementia at death. It should be emphasized, however, that biochemical analysis of Aβ
remained to be performed in these individuals. Prior report on two subjects from this trial
showed that clearance of Aβ deposits was associated with a sharp elevation of soluble Aβ
that likely contains oligomers [12], which numerous animal studies have shown to be toxic
and detrimental to cognition [13]. More prolonged vaccination regimen may be needed to
clear these Aβ remnants which will hopefully be clarified in the ongoing active and passive
immunotherapy trials targeting Aβ.

Although tau pathology is another major hallmark of AD and the key hallmark of most
forms of frontotemporal dementia, relatively few studies have described potential
therapeutic approaches [14-16]. A primary reason for this discrepancy is that most of its
aggregates are found within neurons, which complicates its targeting for clearance.
However, it should be kept in mind that although Aβ aggregation may initiate the
pathological cascade in at least some forms of AD, Aβ and tau pathologies are likely
synergistic based on experimental animals studies [17-21] as well as on post-mortem
analysis of AD brains [22,23]. Furthermore, tau pathology [24,25] and synapse loss [26-28]
correlate much better with dementia severity than Aβ deposition. Hence, targeting these
pathologies rather than or in concert with Aβ may be more efficacious, particularly after the
onset of cognitive deterioration.

The focus here will be to briefly review the concept and initial findings of a particular
therapeutic approach, namely immunotherapy targeting pathological hyperphosphorylated
tau proteins in AD and related tauopathies.

TAU IMMUNOTHERAPY – MOUSE STUDIES
The objective of our approach was to generate antibodies via active immunization that
selectively or specifically recognize the pathological hyperphosphorylated tau protein. These
antibodies should then promote clearance of tau aggregates that would restore or improve
neuronal function. An immediate concern with this design and with therapies targeting tau in
general is that this protein is primarily found intracellularly. Therefore, any effective
treatment needs to find its way into the cell. As addressed later and detailed previously [29],
several studies have actually shown that antibodies do enter the brain and neurons,
particularly under pathological conditions, supporting this rather provocative idea. In
addition, it is conceivable that removal of extracellular tau may have a biological effect [30],
and possibly facilitate clearance and/or secretion of intracellular tau. Furthermore, while our
studies were underway or being reviewed, reports from related fields strengthened the
validity of our concept. Namely, vaccination with recombinant α-synuclein has been shown
to lead to clearance of intraneuronal aggregates of the same sequence in transgenic
Parkinson's model mice [31], and anti-Aβ antibodies are taken up into neurons in culture
[32] and promote clearance of intracellular Aβ aggregates [32]. In addition, antibodies
against the β-secretase cleavage site of the amyloid precursor protein (APP) can be taken up
into CHO cells expressing human APP751 which also reduces intracellular as well as
extracellular Aβ levels [53]. It is also noteworthy, that studies focusing on APP metabolism
have employed antibodies that bind to the cell surface of APP to follow APP internalization
to endosomal-lysosomal compartments [33,34].
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Based on information from computer algorithms, known tau epitopes and pilot studies in
wild-type mice, we immunized transgenic mice (JNPL3) expressing the P301L tau mutation
[35] with a 30 amino acid tau fragment that contained two phosphorylation sites that are
prominent in AD (Tau379−408[P-Ser396,404] [36]. Alum adjuvant was chosen as it
promotes antibody response over a cytotoxic T cell response [37], and is still the only
approved adjuvant for human use. We selected homozygous animals for the study as their
tau pathology is more robust and less variant than in heterozygous JNPL3 mice. However, in
mice with this aggressive progression of tau-related pathology and functional impairments,
complete prevention of the disease cannot be expected. Furthermore, because of the severe
phenotype at a relatively early age which starts with tau aggregation as early as at 2−3
months of age and culminates in a moribund paralysis at about 12 months of age, this model
is not well suited to assess reversal of the modeled disease. The vaccination was initiated
once the mice had a fully developed immune system at about 2 months of age when tau
aggregates are already forming in their brains. The immunized mice did significantly better
on motor tests relevant to their phenotype with better effect observed at an earlier stage of
the pathology (5 months) than at a later stage (8 months). Accordingly, more significant
clearance of tau aggregates was observed at the earlier time point. The tau antibodies
generated in these mice recognized pathological tau on brain sections demonstrating their
selectivity/specificity. Furthermore, when purified, labeled with FITC and injected into the
carotid artery of JNPL3 P301L mice, these antibodies were prominently observed within the
brain and specifically within neurons where they co-labeled with monoclonal antibodies that
specifically target pathological tau. FITC-labeled pooled mouse IgG from wild-type controls
entered the brain as well although its labeling appeared to be nonspecific. Uptake of FITC-
labeled antibodies was not evident in wild-type animals suggesting an impaired blood-brain-
barrier (BBB) in the JNPL3 P301L mice that is likely to be essential for the efficacy of the
immunotherapy. Similar scenario can be envisioned in tauopathies as the BBB is likely to be
impaired in these diseases. Then, with prophylactic therapy circulating tau antibodies would
be relatively inert until progressive inflammatory changes associated with the brain
pathology will lead to gradual opening of the BBB with concomitant increase in antibody
access into the brain and subsequent clearance of tau aggregates.

As the homozygous JNPL3 P301L model develops severe motor impairments its cognitive
status is not easily assessed as intact mobility is required for the extensive maze running that
is an integral component of most cognitive tests in rodents. Additionally, a model with a
slower rate of tau pathology should more accurately reflect the treatment potential of this
approach in the human condition that takes years or decades to result in functional
impairments. With these issues in mind, we assessed the therapeutic potential of the same
tau immunogen in a novel model of tangle pathology. Importantly, our preliminary findings
indicate a complete prevention of cognitive deterioration in three different tasks, and
comparable clearance of tau aggregates within the brain [38].

MECHANISM OF CLEARANCE
Before considering how immunotherapy targeting phospho-tau epitopes may lead to
clearance of pathological tau proteins it is appropriate to outline briefly the cellular
mechanisms that are likely involved in tau metabolism (Figure 1). The two major protein
degradation pathways in eukaryotic cells are the proteasomal and lysosomal systems [39].
Generally, short lived proteins are thought to be mainly degraded by proteasomes and long-
lived proteins mainly by autophagy via lysosomes. Furthermore, it appears that soluble
misfolded proteins are preferentially degraded by the proteasome system and by autophagy
when its capacity is exceeded [40]. On the other hand, small and larger aggregates should
not be able to access the proteosome and would therefore be removed solely by autophagy.
While there are several forms of autophagy, removal of tau aggregates is likely mediated
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through macroautophagy. It is characterized by the formation of a double-membrane bound
structure, the autophagosome, which engulfs cytoplasmic entities, in this case tau
aggregates. It can then fuse with late endosomes and/or lysosomes in which the aggregates
undergo enzymatic degradation. Under pathological conditions, such as in AD this pathway
is likely overwhelmed leading to large amounts of tau aggregates within the cytosol that
over time form paired helical filaments, one of the major characteristic feature of the
disease.

Also, before addressing how tau antibodies may lead to clearance of tau aggregates, one
needs to envision how these antibodies can end up within the brain in the extracellular
milieu and within neurons. It is well established that low levels of antibodies (0.1%) can
enter the brain under normal conditions [41]. IgG has been shown to cross the BBB via
adsorptive-mediated transcytosis [42], and it can be speculated that some or perhaps most of
the uptake may be through the circumventricular organs that because of their function do not
have a classic BBB [43,44]. As we have observed in the homozygous JNPL3 P301L mouse
model, a much larger percentage of IgG enters the CNS with advanced tau pathology [36].
Interestingly, we have also observed in this model an age-related increase in tau
autoantibodies [36], which can be due to diminished immunoprivilege of the CNS following
a gradual opening of the BBB as tau pathology escalates. Likewise, the BBB is
compromised in various neurodegenerative diseases such as AD [45], indicating that a
similar scenario can play out in these human conditions. Immunologists are also well aware
of the fact that antibody-secreting cells can enter the brain and secrete antibodies locally.
These observations regarding antibody access to the CNS and into neurons are also
supported by numerous other animal studies as we have discussed previously in more detail
[29,46].

It is likely that tau antibodies can target pathological tau both extra- and intracellularly. The
extracellular clearance can be envisioned to occur similar to what is thought to take place
with antibodies targeting Aβ; antibody binding to the aggregates (oligomers to fibrils) may
directly promote their disassembly and as well signal microglia to clear the antibody-protein
complexes. This removal may prevent potential direct or indirect toxic effect of extracellular
tau aggregates. It should also be noted that it is conceivable that extracellular tau is not
solely derived from dead cells but that it is secreted from cells and it may have an
extracellular function [30]. If that is the case, then antibody-mediated clearance of
extracellular tau may promote secretion of intracellular tau through a shift in equilibrium.
This equilibrium may be bidirectional, in other words extracellular tau may be taken up into
not only microglia for clearance but also neurons and astrocytes. This uptake pathway may
be more prominent under pathological conditions and may explain in part the anatomical
spread of tangle pathology with the progression of the disease. Another way to clear
intracellular tau is via antibody uptake. As we have discussed previously in more detail,
neurons have several receptors that can bind IgG and intraneuronal antibodies have been
detected in numerous studies, often under pathological conditions [29]. The site of antibody-
tau interaction within the cell is likely to take place in the endosomal/autophagy-lysosomal
system. Ultrastructural analysis of the JNPL3 P301L mouse model has shown prevalent
lysosomal and autophagic vesicles associated with tau filaments [47], as well as lysosomal
complexes in neuronal cultures expressing various tau mutations [48]. Separately, antibodies
have been detected within lysosomes by immunoelectroscopy [49].

TOXICITY
Potential toxic effects associated with this type of therapy are mainly two-fold: 1) Antibody-
binding to normal tau may impair its function and/or promote its clearance which could have
detrimental effects on neuronal integrity; and 2) activation of the immune system (or the
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antibodies themselves in case of passive immunization) may lead to adverse reactions. Both
of these issues have been addressed previously in more detail [29,46]. Briefly, regarding the
first issue, by targeting phosphorylation sites that are prominent in AD, binding of
antibodies to normal tau should be minimal. In support of this, Western blot levels of normal
tau do not appear to be reduced in our immunized mice [36]. In addition, tau knock-out mice
are remarkably normal suggesting that other microtubule associated proteins can take over
its functions [50]. Additionally, crosses between tau-knockout mice and Aβ plaque mice
have less Aβ induced pathology [51], suggesting that even if this type of therapy cleared
normal tau to some extent it might actually be beneficial. It is also important to note that
under normal conditions these antibodies do not appear to have appreciable access to the
brain or into neurons [36]. Adverse reactions related to autoimmunity will always be a
concern when self-antigens are being targeted although with careful design this issue can be
mostly avoided as evident by the several ongoing trials focusing on Aβ.

In contrast to these observations, tau pathology and encephalitis-like functional deficits have
been reported in wild-type mice immunized with recombinant tau protein [52]. However,
these adverse reactions may have been caused by the very strong adjuvants used [Complete
Freund's Adjuvant (CFA) and Pertussis toxin (PT)] and/or the choice of full-length
unphosphorylated human tau administered to mice expressing only endogenous mouse tau.
In our studies, we use tauopathy selective/specific phosphorylated fragments of the human
tau protein in mice that express human tau, administered with alum adjuvant which is the
only approved adjuvant for human use. Alum is a mild immunostimulant and promotes an
antibody (Th2) response whereas CFA and PT elicit primarily a strong cytotoxic T-cell
response which is not called for when self-antigens such as tau are being targeted.

CONCLUDING REMARKS
The new era of immunotherapy for protein conformational disorders continues to be
promising, although the design of this approach is continuously evolving. As these diseases
often have more than one aggregating entity whose pathologies are intertwined, like Aβ and
tau in AD, combination therapies are likely to be more effective. Obviously, prophylactic
treatment should be most efficacious but presymptomatic diagnostic markers are needed for
that to become reality.
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Figure 1. Clearance of normal and pathological tau within neurons
Normal tau is likely to be marked by ubiquitination for subsequent proteasomal degradation.
Misfolded soluble tau should be cleared by the same route whereas once it aggregates, those
assemblies are presumably too large for the proteosome and could be encapsulated within
the autophagosome.
Receptor-mediated antibody uptake will place those in endosomes that can then fuse with
autophagosomes in late endosomes, in which the antibodies may bind to the tau aggregates.
At that stage and/or when the endosomes fuse with lysosomes, these antibodies may
promote disassembly of the aggregates that should facilitate their cleavage by lysosomal
enzymes.
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