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Active and Passive Inmunotherapy Against Tau: Effects
and Potential Mechanisms
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Abstract

The aggregation, hyperphosphorylation, and accumulation of the microtubule-associated protein tau is a
hallmark for several neurodegenerative diseases, including Alzheimer’s disease. These diseases are known
as tauopathies. In tauopathies, the tau protein becomes hyperphosphorylated and forms intracellular
neurofibrillary tangles visualized within dystrophic neurites and cell bodies. Evidence suggests that some
tau aggregates can become extracellular where they potentially propagate between cells and induce tau
pathology in previously unaffected cells. The amount of tau pathology correlates well with the load of
neurofibrillary tangles, synaptic loss, and functional decline in humans as well as in transgenic mouse
models of tauopathy. Several active and passive immunization studies targeting tau in transgenic mouse
models have shown reduced tau pathology, although the mechanism(s) underlying these effects is not
clear. In this chapter, we review the recent active and passive immunization strategies targeting tau in
mouse models and our understanding of potential mechanisms underlying the effects seen.
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1 Tau Protein and Neurodegenerative Disease

The microtubule-associated protein tau stabilizes microtubules and
promotes axonal transport. In neurons, it is found mainly in axons,
but it is also expressed in astrocytes and oligodendrocytes. In the
adult human brain, tau is encoded by the gene MAPT (microtubule-
associated protein tau) on chromosome 17q21. It has six splice
isoforms. The presence or absence of exons 2 and 3, encode a region
in the N-terminus, creating 0, 1, or 2N regions. Exon 10 encodes
one of four microtubule binding repeat sequences, and its presence
or absence creates 4 repeat (4R) or 3 repeat (3R) tau [1, 2]. Tau is
thus referred to by the number of N and R sequences, e.g., IN3R.
Aggregation and accumulation of amyloid-p (Af) and tau are
pathological hallmarks of Alzheimer’s disease (AD). In the disease,
specific posttranslational modifications of tau occur. Hyper-
phosphorylation and hyperacetylation are described in aggregated
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forms of tau, such as neurofibrillary tangles (NFTs), although it is
not clear if these are primary or secondary events in the process of
tau aggregation. In normal aging, NFTs containing tau occur in
virtually all brains in certain regions, including CAl of the
hippocampus and entorhinal cortex. However, after Ap deposition
begins to occur in the neocortex, the process is associated with
progression of tauopathy to the neocortex in AD [3]. Strong data
supports the idea that AP aggregation somehow drives progres-
sion of tau aggregation and its associated neurodegeneration that
occurs in AD, but the mechanism is unknown. In certain forms of
frontotemporal dementia (FTD), progressive supranuclear palsy
(PSP), corticobasal degeneration (CBD), and Pick’s disease, tau
aggregates and forms NFTs and is hyperphosphorylated even in
the absence of AP aggregation [4]. In some inherited cases of
FTD, mutations in the MAPT gene also cause tau aggregation,
NFTs, and tau hyperphosphorylation. These diseases are collec-
tively termed tauopathies [4].

2 Active Immunization with Tau Peptides

Analogous to targeting of AP [5 ], multiple active and passive immu-
nization strategies against tau have been tested in mouse models of
tauopathy. The data from these studies are summarized in Tables 1
and 2. In initial active immunization studies on tau, investigators
immunized wild-type female C57Bl/6 mice expressing only murine
tau with recombinant human tau protein administered intraperito-
neally. This caused encephalomyelitis accompanied by the formation
of apparent NFTs in wild-type mice [6]. True NFTs have typically
not been found in wild-type mice in the absence of human tau
expression. The same group then used a human transgenic tau model
expressing double mutant K257T /P301S tau alone in which one-half
of the animals had induced inflammation at 6-7 weeks of age by
administration of myelin oligodendrocyte glycoprotein. These two
groups were subcutaneously injected at 4 months of age with three
tau peptides mixed together—(Taul95-213 [P202/205], Tau207-
220 [P212/214], and Tau224-238 [P231])—that contained phos-
phorylation sites recognized by the ATS8, AT100, and AT180
monoclonal antibodies that stain pathological tau. Immunized mice
showed decreased tau pathology and neurofibrillary tangle burden
by Gallyas staining, and decreased phosphorylated forms of tau as
recognized by immunostaining with the AT8 and AT180 antibod-
ies. In addition, immunized mice showed increased lectin positive
microglial staining compared to controls. The astrocytic burden
was unaffected [7].

In another study, phospho-tau peptide (Amino acids 379-
408, with pSer 396 and 404) containing the PHF1 phospho-tau
epitope antibody), was subcutaneously injected in the JNPL3
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(P301L tau transgenic mouse) model. Control mice received
aluminum adjuvant alone. One group of mice was treated from 2
until 5 months of age and another group from 2 until 8§ months
of age. At the end of the treatment, both 5 and 8 month old mice
went through a battery of sensorimotor tests before sacrifice.
Quantitative immunostaining with the anti-tau antibodies MC1
and PHF1 showed reduced tau pathology in the dentate gyrus,
motor cortex, and brainstem regions. Western blotting showed
increased soluble phospho-tau and no difference in insoluble
phospho-tau. Treated mice showed improvement in rotarod,
transverse beam, and maximum velocity tests. This treatment was
more effective at the earlier time point of 5 months of age as com-
pared to the later 8 month time point [8]. The same group also
immunized mice expressing human tau under the control of the
normal tau promoter that were crossed with PS1 transgenic mice
(htau/PS1) mice [9]. Mice were immunized with the tau peptide
379-408 containing the PHF1 tau antibody epitope pSer 396 and
404. The htau/PS1 mice were obtained by crossing htau mice
expressing all 6 isoforms of tau on a mouse tau knockout back-
ground [10] with a model carrying the M146L presenilin muta-
tion that causes a form of dominantly inherited AD [11]. The
mice received intraperitoneal injections, with three injections
every 2 weeks beginning at 3—4 months of age with subsequent
administration at monthly intervals. Control groups received
aluminum adjuvant alone. Immunotherapy reduced PHF1 reac-
tive tau pathology compared to controls as assessed by immunos-
taining in the piriform cortex. Soluble PHFI reactive tau levels
were decreased by Western blot, but there was no difference in
insoluble phospho-tau levels compared to controls. No difference
in microgliosis or astrogliosis was noted. However immunized
mice showed improvement in the radial arm maze and closed field
symmetrical maze tests compared to control groups [9].

In another study, pR5 mice that express human P301L tau
under the control of Thy 1.2 promoter were immunized with a 12
amino acid peptide of Tau 395-406 containing the PHF1 epitope
pS396 and pS404. Three different age groups of 4, 8 and 18 months
of age were immunized intraperitoneally with tau peptide linked to
keyhole limpet hemocyanin (KLH). Tau-KLH was dissolved in PBS
and emulsified with complete or incomplete Freund’s adjacent at
1:1 ratio. Control mice received KLH with complete Freund’s adja-
cent. Immunostaining showed reduced phosphorylated tau in the
amygdala and CAl regions. In addition, increased astrogliosis was
observed in older age group mice. No anti-tau antibodies were
found inside neurons of treated pR5 mice [12].

Troquier et al. used THY-Tau22 transgenic mice, which
develop hippocampal neurofibrillary tangle-like inclusions at 3-6
months of age. Tau peptide vaccine containing phospho-Ser422
was injected peritoneally at 3 months of age. Control mice received
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adjuvant alone. The first two injections were administered every 2
weeks, followed by injections given monthly. There was no effect
on phosphorylated tau species stained by the anti-tau antibodies
AT100 and pS422 in the hippocampal CAl region. In the
biochemical analysis, insoluble tau was decreased by AT100 and
pS422 detection. Following active immunization, an increase in
tau levels was observed in the blood. Cognitive improvement was
also observed in immunized mice in the Y-maze test [13]. Taken
together, active immunization with different tau peptides has
reduced tau pathology and improved behavior in human tau trans-
genic mice. However, compared to results with Ap vaccination, the
effects on pathology and behavior do not appear to be as strong,
and the underlying mechanism(s) remains unknown.

3 Passive Inmunization by Using Anti-Tau Antibodies

In an initial passive immunization study, JNPL3 and P301S tau
transgenic mice (at age 2-3 months, prior to the onset of tau
pathology) were administered the PHFI anti-tau monoclonal
antibody [14] or the conformation specific antibody MC1 [15]
intraperitoneally at 15 mg/kg three times a week for 2 months
tfollowed by 10 mg/kg twice a week for the next 2 months. P301S
mice were given 15 mg/kg of antibody twice weekly. PHF1 recog-
nizes phospho tau at pSer396,/404 on both normal tau and disease-
associated tau. MCI1 recognizes tau only in a pathological
conformation. Both treatments reduced insoluble tau levels [16].
Phospho-tau was reduced in both the brainstem and spinal cord.
Treated mice showed improvement in the rotarod test. No altera-
tion in activation of microglia or astrocytes was observed in treated
vs. control mice [16]. In another passive immunization study with
JNPL3 tau transgenic mice, the PHF]1 antibody was intraperitone-
ally administered for 13 weeks from 2 to 3 months of age, i.e., prior
to the onset of pathology in this model. As compared to IgG control
treated mice, the tau antibody treated mice showed decreased PHF1
tau pathology in the dentate gyrus. While a decrease in insoluble
phospho-tau was observed, there was no change in total insoluble
tau levels as measured by Western blot. Treated mice also performed
better in the transverse beam task, and similar degrees of micro- and
astrogliosis was observed in treated vs. control mice [17].

In another study, d’Abramo et al. treated female JNPL3 mice
animals with intraperitoneal injections of either the MC1 or DA31
anti-tau antibodies of 10 mg/kg weekly from 3 to 7 months of age
and compared these with saline treated mice. Another group of
mice received MC1 weekly from 7 to 10 months of age. P301L
mice sacrificed at 7 months of age or treated with saline from 7
months until 10 months were used as control groups. The MC1
antibody reduced soluble and insoluble tau in the forebrain of
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P301L Tau mice compared to the DA31 treated mice. Mice treated
with the MCI antibody from 7 to 10 months showed decreased
phospho-tau immunostaining as assessed by the anti-tau antibodies
CP13 and RZ3 in the hippocampal CAl region. In addition,
decreased phosphorylated, insoluble tau was noted in the forebrain
of treated mice [18].

A recent study assessed the effects of that administration of a
single dose of 1 or 30 pg of an anti-tau oligomeric monoclonal
antibody (TOMA) by intracerebroventricular or intravenous injec-
tion in 8 month old JNPL3 mice. A control group received
nonspecific IgG-rhodamine and wild type mice received saline
injections. Four days after intracerebroventricular injection with
TOMA, mice showed improved performance on the rotarod [19].
Tau oligomers were reduced as assessed by Western blot and
immunofluorescence assays, with no change in monomeric tau.
Four to six days after intravenous injection of the TOMA antibody
there was improved performance of mice on both the rotarod and
Y-maze task. The investigators also noted an increase in tau oligo-
mers in the periphery following peripheral administration of
TOMA [19].

Our group [20] hypothesized that anti-tau antibodies might
function by blocking cell to cell spread of a pathological form of tau.
We first screened antibodies that blocked the ability of extracellular
tau aggregates to seed intracellular tau. We then chose antibodies
with various efficacies in blocking tau seeding and tested them
in vivo. P301S Tau transgenic mice were treated with one of three
different anti-tau antibodies (HJ8.5, HJ9.3, and HJ9.4), a control
antibody, or phosphate-buffered saline with infusion into the lateral
ventricles for 3 months, beginning at 6 months of age. Each anti-tau
antibody targets a different, non-phosphorylated tau epitope.
Quantitative immunostaining showed that all three monoclonal
anti-tau antibodies strongly reduced the abnormally phosphorylated
tau stained by the AT8 phospho-tau antibody in different brain
regions. Two of three anti-tau antibodies reduced insoluble tau
levels from cortical brain tissues as assessed by biochemical analysis.
This treatment also significantly reduced pathological seeding activity
in the treated soluble brain lysates of P301S mice compared to
control groups. Of the three antibodies tested, HJ8.5 and HJ9.4
significantly improved memory deficits in a conditioned fear test
[20]. These experiments were consistent with a mechanism of action
based on binding extracellular tau aggregates.

In a follow-up study, the most potent antibody, HJ8.5 in the
prior study, was further studied assessed with peripheral administra-
tion (intraperitoneal). Two different doses of HJ8.5, 10 mg/kg or
50 mg/kg, were administered weekly to 6 month old male P301S
mice for three months. HJ8.5 at 50 mg/kg strongly reduced
insoluble tau levels compared to controls. Interestingly, both doses
of antibody resulted in decreased cortical and hippocampal brain
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atrophy compared to the control treated P301S mice. Both doses of
HJ8.5 treatment reduced hippocampal CAl cell layer stained with
the p-tau antibody AT8 as well as Thio-S positive tau aggregates in
piriform cortex and amygdala. Mice treated with HJ8.5 at 50 mg/kg
showed a decrease in motor/sensorimotor deficits compared to
control group. Moreover, HJ8.5 treatment resulted in a dose-depen-
dent increase of tau in plasma [21]. All the above studies support the
idea that anti-tau antibodies should considered as a potential treat-
ment for tauopathies.

4 Propagation of Tau

In AD and other tauopathies, tau pathology starts in a particular
brain region and then progresses or spreads to other regions that
are anatomically connected. Normally, monomeric tau is closely
associated with microtubules. Yet monomeric tau under physiolog-
ical conditions is released into both the interstitial fluid (ISF) and
CSF, and tau aggregates may also be present in the ISF [22]. Tau
antibodies that enter the CNS could thus be targeting extracellular
tau aggregates as well as monomeric tau. What is the evidence that
extracellular tau aggregates are important in disease pathogenesis?
In cultured cells, tau aggregates can be released into the extracel-
lular space, and these aggregates have been shown to be trans-
ferred to neighboring cells [23, 24 ]. In vivo injection of the brain
extracts from human mutant P301S tau mice into the hippocampus
and cerebral cortex of ALZ17 mice, which express the longest
form of the wild type human four repeat isoform and never develop
tau deposits, induced tau pathology, with spread of the pathology
from sites of injection to neighboring brain regions [25]. Isolation
of tau oligomers from Alzheimer’s disease brains by immunopre-
cipitation followed by injection into the wild type C57BL/6 mice
was found to induce tau aggregation by seeding endogenous
murine tau, and to induce tau pathology at distant sites after pro-
longed incubation [26]. Two independent research groups showed
in similar animal models that by restricting the expression of P301L
tau in the entorhinal cortex, tau aggregates spread to neighboring
cells and also synaptically connected regions in the hippocampus
[27, 28]. In young mice, tau pathology was limited to the entorhi-
nal cortex. However, in aged mice, tau aggregates spread to the
synaptically connected granular layer of the dentate gyrus, CA
region of the hippocampus, and the cingulate cortex. Infusion of
synthetic fibrils of recombinant full length human tau with P301S
mutation into the hippocampus of the young P301S tau transgenic
mice induced rapid formation of neurofibrillary tangle-like inclu-
sions at the injection sites. The pathology spread to synaptically
connected regions in a time and dose-dependent manner [29],
although it is difficult to exclude spreading of the inoculum itself.
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Following injection of brain extract from tauopathies such as AD
into the hippocampus and cerebral cortex of ALZ17 mice, there
was induction of tau inclusions. Human tauopathy brain extracts
injected into non-transgenic 3 month old C57BL/6 mice also
resulted in the formation of tau inclusions. Furthermore, induced
pathology in mouse brain could induce more pathology upon rein-
jection into a next generation of mice [30]. Finally, a recent study
found that stably expressed tau repeat domain will propagate
distinct amyloid conformations in a clonal fashion in culture [31].
Reintroduction of tau from these lines into naive cells reestablished
identical clones. Further, the two “artificial” tau strains produced
in vitro induced distinct pathologies in vivo as determined by
successive inoculations into three generations of transgenic mice.
Immunopurified tau from these mice created the original strains in
culture. Finally, the cell culture system enabled isolation of multi-
ple disease-associated strains from tauopathy patients. Together
with other studies, this demonstrates that some form(s) of tau has
essential characteristics of a prion. The studies above clearly indicate
that tau aggregates formed in one region propagate a specific tau
conformation to neighboring neuronal cells. It may be that certain
anti-tau antibodies are able to block or decrease this process.

Tau seeding and spreading appears to be mediated by specific
conformations of tau protein. For proteins that aggregate in
neurodegenerative diseases, including tau, specific conformations
may determine patterns of both spreading pathology and toxicity.
Small aggregates of pathogenic proteins, termed oligomers, are
generally more neurotoxic than the insoluble mature fibrils [32].
Therefore, it may be very important to target such species to create
the most effective immunotherapy. As mentioned earlier, passive
immunization studies targeting different phosphorylation or path-
ological forms of the tau have been shown to reduce tau pathology.
However, most effects do not appear overly robust in animal
models using this strategy, indicating that we need to better under-
stand antibody mechanisms, particularly those of antibodies that
have strong effects. The best treatment results to date appear to
have been accomplished with anti-tau antibodies that do not
specifically target a phosphorylated or acetylated form of tau but
can recognize a host of different forms [20, 21]. To best design
anti-tau immunotherapy approaches, understanding these effects
will be critical.

5 Tau Species to Be Targeted

Tau is hyperphosphorylated in neurodegenerative conditions, and
phosphorylated tau is present in paired helical filaments and NFTs.
In a Drosophila model, it was shown that neurodegeneration
occurs even in the absence of NFTs [33] and that the presence of
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NFTs in mouse neurons does not always mark dying or sick cells
[34, 35]. It may be that particular aggregated forms of tau are key
in eliciting neurodegeneration, but this is not known.

It has recently been shown that tau can misfold into specific con-
formational states and epigenetically propagate multiple amyloid
conformations in clonal cell lines and in vivo [31]. Therefore, tau
conformers can be in distinct tau aggregated forms or “strains” may
predominate in patients with different types of tauopathies. Different
tau antibodies are likely to differentially bind to these different strains
or tau conformations. Therefore, in immunotherapy, a key may be to
choose antibodies that can either target multiple conformations or to
target very specific conformations associated with a particular disease.
In both active and passive immunization, by selecting pathological
forms of tau peptides in active immunization or utilizing antibodies
targeting pathological tau or tau oligomers, there was reduction of
tau pathology and also improvement in behavioral deficits in tau
transgenic mouse models (Tables 1 and 2). Of the studies published
to date, infusion of anti-tau antibodies directly into the lateral ven-
tricle of the brain appear to have had the greatest effect in decreasing
tau pathology versus other treatments in transgenic mice [20].
Interestingly, all the 3 anti-tau antibodies used in this study appeared
to immunoprecipitate unique forms of tau species from brain lysates
of transgenic mice as assessed by atomic force microscopy [20]. This
indicates that different anti-tau antibodies may differentially recog-
nize unique tau conformations. Depending on the location within
the brain that such antibodies can access, the antibodies may sequester
soluble or aggregated forms of tau in the extracellular or intracellular
space and might also prevent monomeric tau from forming oligo-
meric or fibrillar species. While some studies suggest that anti-tau
antibodies access the cytoplasm [17, 36, 37], this has not been
observed in other studies [ 16, 18-20].

6 Potential Mechanism in Blocking Extracellular Tau Spread/Toxicity

In contrast to AP that is secreted and forms extracellular plaques,
tau forms primarily intracellular amyloids. However, in vivo micro-
dialysis indicates that tau is released from cells under physiological
conditions. Moreover, tau is present in relatively high levels in the
ISF of wild-type mice at concentrations of ~50 ng/ml—even in
the absence of neurodegeneration or injury [22]. Studies from
cultured cells have shown that certain forms of tau can escape cells
and spread in a prion like manner to neighboring cells. Such secre-
tion of tau into the extracellular space from neurons is independent
of cell death [38, 39]. In addition, recent studies showed that tau
release by neurons is regulated by excitatory neuronal activity [40,
41]. It is not yet clear whether under either normal or pathological
conditions tau aggregates are also secreted into the brain extracellular
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space along with monomers via similar mechanisms. Once the tau
aggregates are released from the cells into the extracellular space,
they may sequester monomeric tau [22]. These extracellular aggre-
gates could be taken up by adjacent cells or connected cells or may
be taken up by the same cells and increase the intracellular burden
of aggregated tau.

Blocking of tau aggregates that are more prone to initiate
seeding activity in adjacent cells or promote the clearance of extra-
cellular tau conformers by microglia, neurons, or other cells may
be important mechanisms in tau immunotherapy. While the study
by Yanamandra et al. (2013) suggests that anti-tau antibodies may
block spreading of extracellular tau seeds from one cell to another,
this has not yet been definitively proven. If an antibody is able to
target forms of extracellular tau seeds or conformers, there can be
several possible fates of the tau protein, as discussed in the following
section. In addition, it is possible that extracellular forms of tau are
toxic. Targeting these forms, independent of blocking spreading
per se, could potentially lead to beneficial effects on synaptic/
neuronal function.

7 Clearance of Tau and Tau Aggregates

7.1 Neurons

If an anti-tau antibody binds extracellular tau, the anti-tau anti-
body/tau complex might still be taken up by neurons. There are
two main protein degradation systems present in cells (including
neurons), namely the proteasomal and lysosomal systems. The
proteasome mainly degrades soluble and short lived ubiquitinated
proteins. Lysosome-mediated degradation mediates multiple
mechanisms including macroautophagy [42]. Non-functional
misfolded proteins can be cleared for the purpose of detoxification
by either of these systems.

Certain neurons express high affinity FcyR1 receptors on their
membrane [43, 44 ]. The low affinity Fc receptors FcylI and FeyIIl
are not expressed in neurons and are exclusively expressed in
microglia in brain [44—46]. High affinity FcyRI receptors recog-
nize the Fc domain of IgG and can initiate antibody uptake [47].
If the antibody enters the cytoplasm via this mechanism, it could
then bind cytosolic tau aggregates and initiate its clearance by lyso-
somal pathways. In such a location, it could also theoretically bind
to cytosolic antibody receptor TRIM21 and trigger antibody,/tau
degradation by the proteasome and initiate signaling pathways of
the innate immune system [48, 49]. With the knowledge that tau
can be present in the extracellular space, one study suggests that
antibody bound to extracellular tau aggregates can be taken up by
the neurons in a clathrin-dependent Fcy receptor mediated endo-
cytosis and further degraded by proteolytic enzymes in lysosomes
[36, 37]. In contrast, recent studies using tau antibodies targeting
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7.2 Microglia
and Astrocytes

extracellular tau species showed no detectable amount of uptake of
anti-tau antibodies into neurons [18, 19] or non-neuronal cells
in vitro [20]. Further in vitro and in vivo work will be required to
sort out the role of neurons in uptake, degradation, and seeding of
tau in the presence and absence of different anti-tau antibodies.

In neurodegenerative disease and other tauopathies, tau aggrega-
tion is linked to the activation of microglia and astrocytes in trans-
genic mouse models [50-54]. Microglia and astrocytes are
phagocytic in nature. Once anti-tau antibodies in vivo sequester
extracellular tau aggregates, their metabolic fate is not yet clear.
Passive immunization with anti-Af antibodies has been noted to
reduce microgliosis chronically [55] though acute application of
anti-AP antibodies can lead to rapid microglial activation if the
antibodies bind aggregated AP and have an intact Fc domain [56].
Microglia express low affinity Fcyll and FcyIIl receptors in the
cytoplasm and on the surface of the cells. These receptors are not
present on astrocytes. These receptors have the potential to recog-
nize antibody/tau aggregate complexes and initiate the multiple
immune effector pathways including antibody mediated cellular
uptake, phagocytosis, and release of inflammatory mediators [57].
Antibody mediated clearance of extracellular o-synuclein was
showed to occur mainly in microglia through Fcy receptors and
not in neuronal cells or astrocytes [46]. Certain antibodies against
amyloid-p were shown to trigger microglial cells to clear plaques
through Fc receptor-mediated phagocytosis and subsequent
peptide degradation [58]. In temporal neocortex of Alzheimer’s
patients, the size distribution of dense-core plaques was propor-
tional to the microglial response but not to the astrocyte response.
However, plaque-associated reactive astrocytes may be protecting
neurons form surrounding plaques [59]. The role of astrocytes in
tau pathology in the presence or absence of anti-tau antibodies is
not yet clear. Astrocytes may be activated indirectly by antibody/
tau complexes and activate microglial release of some inflamma-
tory signals or cytokines.

In some anti-tau immunotherapies that have been tested by
using anti-pathological tau antibodies, no change in activation of
microglia or astrocytes was found [16, 17]. After 3 months of
anti-tau antibody administration into tau transgenic mice, activated
microglia were reduced in proportion to the reduction of tau
pathology in treated mice [20]. This is also consistent with a study
in which several months of passive immunization with anti-Ap
antibodies showed reduced AP plaques and reduced microgliosis
[60]. In cases in which there is reduction of microgliosis upon
passive administration of anti-tau antibodies, this could simply
reflect lower levels of tau aggregation due to the anti-tau antibody
therapy. In BV2-murine cultured immortalized microglial-like
cells, anti-tau antibody increased the uptake of tau aggregates
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compared to control conditions. However, no difference in uptake
of tau aggregates in presence or absence of anti-tau antibody was
noted using primary neurons [21]. Using in vivo models, whether
and how microglia and astrocytes play a role in anti-tau antibody
mediated tau clearance still remains an open question.

Peripheral administration of anti-Af antibodies in PDAPP trans-
genic mice reduces AP burden. One mechanism that may account
for part of this effect is by facilitating Ap efflux or clearance from
the brain to the periphery in a “peripheral sink” type of mechanism
[61-63]. Anti-AP antibodies were also shown to sequester extra-
cellular soluble AP in the central nervous system to potentially
further block its aggregation [61, 64]. It is thought that antibodies
cannot effectively penetrate cells and directly access cytoplasmic
proteins under normal circumstances. In tau immunotherapy, it is
also possible that anti-tau antibodies can sequester extracellular tau
species effectively in the brain, not allowing prion-like spreading of
tau to seed tau in adjacent cells. Antibodies to tau could thus
promote tau monomer and aggregate clearance via binding to tau
in the extracellular space and promoting efflux of tau antibody /tau
complexes via the brain ISF and CSF into the periphery [65, 66].
It is also possible that anti-tau antibody in the periphery could
accelerate CNS to plasma efflux of tau via bulk flow or blood-brain
barrier mediated mechanisms as proposed with the peripheral sink
Ap hypothesis. As the mechanism(s) by which tau can exit the CNS
to the periphery have not yet been worked out, future experiments
will need to address these issues.

8 Summary

Active and passive immunization of tau has shown promising
results in reducing tau pathology and improving brain dysfunction,
indicating that these approaches should be further considered as
therapeutic strategies for tauopathies. In immunotherapy studies,
tau antibodies may be targeting tau species in either the extracel-
lular or intracellular space and promoting tau clearance by multiple
pathways. Extracellular tau clearance may be mediated by microg-
lial, astrocytic, or neuronal mediated uptake followed by lysosomal
degradation. It is also interesting to consider the possibility of anti-
body mediated clearance of tau monomer and aggregate via CSF
and ISF flow into the periphery, as well as tau clearance via a
“peripheral sink” mechanism. In this scenario, antibodies could
promote tau efflux into the peripheral blood stream without requir-
ing antibody entry into the CNS. We have summarized several
possible mechanisms of anti-tau antibody-mediated clearance of
tau in Fig. 1. While studies suggest that some of these mechanisms
may be operative, it is not yet clear which of these is the most
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Fig. 1 Possible clearance mechanisms of tau aggregates by antibodies: In disease conditions, different forms
of tau aggregates can be released into the extracellular space and propagate into neighboring cells to induce
the aggregation of intracellular tau (Shown in left panel). Under therapeutic conditions (right panel), anti-tau
antibodies trap tau aggregates in the extracellular space and induce clearance by different mechanisms, pos-
sibly via astrocytes (A4), microglia (B) or neuronal mediated clearance mechanisms (C). (D) Anti-tau antibodies
could also promote efflux of tau from central nervous system by crossing the blood-brain barrier and binding
tau in the CNS, promoting clearance via ISF/CSF flow ultimately into the plasma. It is also possible that anti-tau
antibodies present in the blood can somehow increase the normal efflux of tau from CNS to plasma

important. We suggest that the choice of antibody is likely critical
to see the best possible efficacy. Our own data suggests that targeting
all forms of tau species and blocking the prion-like propagation of
pathological forms of tau into adjacent cells may be most important.
However, much more work needs to be done in this area to better
understand the underlying mechanism(s) of these potentially very
promising effects.
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