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Background: Recent active immunization studies have raised the possibility of modulating Tau pathology.
Results: Peripheral administration of two antibodies against pathological Tau forms reduces Tau pathology and improves
functional outcomes.
Conclusion: Passive immunotherapy is effective at preventing the buildup of intracellular Tau pathology.
Significance: Tau immunotherapy should be considered as a therapeutic approach for the treatment of Alzheimer disease and
other tauopathies.

The microtubule-associated protein Tau plays a critical role
in the pathogenesis ofAlzheimer disease and several related dis-
orders (tauopathies). In the disease Tau aggregates and
becomes hyperphosphorylated forming paired helical and
straight filaments, which can further condense into higher
order neurofibrillary tangles in neurons. The development of
this pathology is consistently associated with progressive
neuronal loss and cognitive decline. The identification of
tractable therapeutic targets in this pathway has been chal-
lenging, and consequently very few clinical studies address-
ing Tau pathology are underway. Recent active immunization
studies have raised the possibility of modulating Tau pathol-
ogy by activating the immune system. Here we report for the
first time on passive immunotherapy for Tau in two well
established transgenic models of Tau pathogenesis. We show
that peripheral administration of two antibodies against
pathological Tau forms significantly reduces biochemical
Tau pathology in the JNPL3 mouse model. We further dem-
onstrate that peripheral administration of the same antibod-
ies in the more rapidly progressive P301S tauopathy model
not only reduces Tau pathology quantitated by biochemical
assays and immunohistochemistry, but also significantly
delays the onset of motor function decline and weight loss.
This is accompanied by a reduction in neurospheroids, pro-
viding direct evidence of reduced neurodegeneration. Thus,
passive immunotherapy is effective at preventing the buildup
of intracellular Tau pathology, neurospheroids, and associ-
ated symptoms, although the exact mechanism remains
uncertain. Tau immunotherapy should therefore be consid-
ered as a therapeutic approach for the treatment of
Alzheimer disease and other tauopathies.

Over the last decade numerous clinical immunotherapy pro-
grams forAlzheimer disease (AD)2modification targeting amy-
loid-� peptide (A�) have emerged based on the idea that a small
proportion of peripherally administered antibodies reaches the
CNS and induces clearance of soluble and/or deposited extra-
cellular A� by various mechanisms (1). In contrast, much less
progress has beenmade in addressing intracellular Tau pathol-
ogy, the second major hallmark of AD. Neurofibrillary inclu-
sions containing aggregated, hyperphosphorylated Tau are
defining characteristics of AD pathology and a number of other
tauopathies, including Pick disease, progressive supranuclear
palsy, corticobasal degeneration, and agyrophilic grain disease.
In all these disorders there is a strong correlation between
symptomatic progression and the level and distribution of Tau
intraneuronal aggregates (2). Moreover, the discovery of muta-
tions in the Tau gene (MAPT) that cause some familial forms of
frontotemporal dementia provide a direct genetic link between
Tau and neurological disease (3).
In its normal state, Tau is a highly soluble cytoplasmicmicro-

tubule-binding protein, which occurs in the human CNS in 6
main isoforms, ranging from 352 to 441 residues. Its main role
is likely the stabilization of microtubules in axons as tracks for
axonal transport and as cytoskeletal elements for growth. InAD
neuronal Tau inclusions first appear in the transentorhinal cor-
tex fromwhere they spread to the hippocampus and neocortex.
The tangles observed in AD neurons consist of hyperphos-
phorylated, aggregated insoluble Tau (for a recent review see
Ref. 4). Direct toxic effects of the pathological Tau species
and/or loss of axonal transport due to sequestration of func-
tional Tau into hyperphosphorylated and aggregated forms,
which are no longer capable of supporting axonal transport,
have been proposed to contribute to disease.
To date, the identification of tractable targets to block the

progression of Tau pathology has been challenging. However
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three recent active immunization studies have raised the possi-
bility of reducing Tau pathology by activating the immune sys-
tem (5–7). In this study we set out to directly explore the effect
of anti-Tau antibodies on Tau pathology and associated disease
using two different transgenicmousemodels. Using robust bio-
chemical assays we demonstrate for the first time a reduction in
the 64-kDa hyperphosphorylated insoluble Tau species, a bio-
chemical correlate of neurofibrillary tangles (8). Using blinded
assessors and rigorous statistical analysis we show a reduction
in neurofibrillary tangle pathology in the rapidly progressing
P301S mouse model, which translates into a pronounced ame-
lioration of the phenotypic progression in this model with a
slowed decline in motor function and decreased weight loss.

EXPERIMENTAL PROCEDURES

Antibody Treatment Studies—We used antibodies PHF1
(which recognizes Tau with phosphorylated serines 396 and
404 (9)) and MC1 (a conformation-dependent antibody that
recognizes an early pathological Tau conformation (10)) and a
control mouse IgG1 from a hybridoma of mice that had not
been immunized (Harlan). Antibodies were purified from asci-
tes and were controlled for endotoxin levels (�0.19 endotoxin
units/mg for both PHF1 and MC1 and for the IgG1 control
antibody, �0.55 endotoxin units/mg and �0.33 endotoxin
units/mg in the JNPL3 and P301S studies, respectively). In the
JNPL3 study antibodies were administered at 15 mg/kg three
times aweek for 2months and then at 10mg/kg twice aweek for
the remaining 2 months at Covance Laboratories, Inc., Green-
field, IN. In the P301S study antibodies were administered at 15
mg/kg twice weekly. After completion of the dosing phasemice
were sacrificed, and brains and spinal cords were collected.
Biochemical Assays—We developed an assay to accurately

quantify the accumulation of conformationally altered hyper-
phosphorylated pathological Tau. Half brains and spinal cords
were weighed and homogenized in 10 volumes of homogeniza-
tion buffer (Tris-buffered saline (TBS), pH 7.4, containing 1�
protease and phosphatase inhibitor mixture (Thermo) with 2
mM EGTA). The homogenized samples were spun at 21,000 �
g for 20min, the supernatantswere collected (total extract), and
an aliquot was saved for analysis of the starting material. The
rest of the total extract was centrifuged at 100,000� g for 1 h at
4 °C to obtain insoluble pellet (P1 fraction) and supernatant (S1
fraction) (Fig. 1). Our analyses in this study focused on the
insoluble 64-kDa Tau species in the P1 fraction. To demon-
strate that our P1 preparation is adequate, we investigated the
correlation of the AT8 ELISA (see below) signal in the P1 frac-
tionwith theAT8 signal in the Sarkosyl-insoluble fraction, gen-
erated by a standard procedure (11) with slight modifications
(Fig. 1). Four JNPL3mouse brain sampleswith different degrees
of Tau pathology were processed to generate the P1 fraction,
and then these P1 samples were subjected to Sarkosyl extrac-
tion (Fig. 1). Both the P1 samples and the Sarkosyl-extracted
samples were subjected to our AT8 ELISA assay, so that for
each brain we obtained a P1 ELISA read (x axis) and then a
second read after Sarkosyl ELISA extraction (y axis). Although
the absolute AT8 signal was somewhat reduced after Sarkosyl
extraction, the correlation was almost perfect, indicating that
our P1 preparation was adequate (Fig. 2).

Western Blotting—Total extracts were analyzed for total Tau
and actin using antibodies HT7 (12) and monoclonal anti-�-
actin (Sigma), respectively. HT7 is a human-Tau-specific
monoclonal antibody recognizing amino acids 159–163.
The P1 fraction was resuspended in 1� Tris-glycine SDS sam-
ple buffer. The proteins were separated on 4–20% Tris-glycine
midi gel (Invitrogen), transferred to Ibolt gel nitrocellulose
using the Ibolt Dry Blotting System (Invitrogen), and probed
with AT8 antibody (Thermo Scientific, 1:1000).
For quantitationwe established a sandwich ELISAusingAT8

for capture and the pan-Tau antibody CP27 (13) for detection.
AD brain homogenates were used for standard curves. To
quantify the AT8 signal in the P1 fraction, the P1 pellet pre-
pared above was washed three times with 0.5 ml of 1� cell lysis
buffer (Cell Signaling) supplemented with protease inhibitor
mixture (Roche Applied Science). The pellet was resuspended
in 0.5 ml of cell lysis buffer by sonication.

FIGURE 1. Procedure for preparation of tissue extracts. Most of our analy-
ses are focused on the P1 fraction, which can be further processed by Sarkosyl
extraction (11).

FIGURE 2. Correlation of the AT8 signal in the P1 fraction with the AT8
signal in the Sarkosyl-insoluble fraction. Four JNPL3 mouse brain samples
with different degrees of Tau pathology were processed to generate the P1
fraction, and then these P1 samples were subjected to Sarkosyl extraction (11)
(see Fig. 1). Both the P1 samples and the Sarkosyl-extracted samples were
subjected to AT8 ELISA, so that for each brain there is a P1 ELISA read (x axis)
and then a second read after Sarkosyl ELISA extraction (y axis). Whereas the
absolute AT8 signal is somewhat reduced after Sarkosyl extraction, the corre-
lation is almost perfect, indicating that our P1 preparation is adequate.
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AT8 ELISA Assay—A 96-well half area high binding ELISA
plate (Costar) was coated with 2 �g/ml AT8 antibody (13) in
PBS overnight at 4 °C. The plate was washed with PBS buffer
containing 0.05% Tween 20 (PBST) three times and blocked
withBB3blocking buffer (ImmunoChemistryTechnology). For
standard curves, an AD brain homogenate (800 � g superna-
tant) at 40 �g/ml was 2-fold serially diluted with 0.25% casein
buffer. We then plotted all brain extract ELISA assays as nano-
gram or microgram AD brain homogenate that would produce
the same ELISA signal. The plates with standard and samples
were incubated at 4 °C overnight and washed with PBST for
four times. As primary antibody CP27-biotin (13) at 1:4000
dilution in 0.25% casein buffer was added to the plate and incu-
bated at room temperature for 2 h, followed by four PBST
washes. Streptavidin-HRP (BioSource) in a 1:10,000 dilution in
0.25% casein buffer was added and incubated at room temper-
ature for 1 h. The plate was washed four times with PBST, and
a 1:1 mixture of 3,3�,5,5�-tetramethyl benzidine and H2O2
(ThermoScientific) was added to the plate, and themixturewas
incubated at room temperature for 10 min. The reaction was
stopped by adding 2 N H2SO4.
AT8 ELISA Spike Assay and Specificity Assay—To test if

PHF1 andMC1 antibodies (which both recognize Tau epitopes
different from AT8 and CP27) interfere with the AT8 ELISA
assay, a spike experiment was carried out by adding PHF1 or
MC1 antibody in a JNPL3 brain P1 sample at a final concentra-
tion of 1.25, 2.5, or 5 ng/ml. Based on previous experience that
a 40 mg/kg IgG injection in mice leads to peak plasma levels of
�250 �g/ml, we calculated that spiking 5 ng/ml exceeds the
highest possible antibody level in the P1 sample used for ELISA
by almost 10-fold. Assuming that cerebrospinal fluid IgG con-
centration is �0.1% of plasma concentration and that cerebro-
spinal fluid concentration roughly equals brain concentration,
onewould expect�250 ng/ml in brain. Assuming that all of the
brain antibody is captured in the P1 pellet and factoring in all
dilution steps, the maximal antibody concentration in the
ELISAmixture would be 0.6 ng/ml. The calculated AT8 signals
in the spiked samples were normalized to the control JNPL3
brain P1 sample and expressed as a percentage of control. For
the specificity assay a normal human brain homogenate and an
AD brain homogenate (used as standard for the AT8 ELISA
assay) were diluted to 40 �g/ml in 0.25% casein buffer, and
2-fold serial dilutions in the same buffer were made. The AT8
assay was carried out as described above. The A450 was plotted
against the protein concentration of the brain homogenates.
Tau441 recombinant standard (rPeptide) was tested at various
concentrations and did not produce anAT8 signal in our ELISA
(not shown).
Immunohistochemistry—Brains were hemi-dissected and

placed in 10% buffered formalin. After processing (Tissue
TEK�) and embedding, 8-�m sagittal sections were cut using a
rotarymicrotome (Microm,HM200). These sections were sub-
sequently stained using the following primary antibodies: AT8
(1:4000, Innogenetics), PG5 (1:500, Peter Davies), nY29
(1:5000, Covance), NF200 (for 200-kDa neurofilament, 1:1000,
Millipore). To examine the effects of treatment on astrocyte
and microglia responses we used primary antibodies to glial
fibrillary acidic protein (1:1, Biogenix, ready to use) and to ion-

ized calcium-binding adaptor molecule 1 (1:5000, Wako). Sec-
ondary antibody was applied, and slides were then incubated
with avidin-biotin complex reagent for 5 min. After rinsing,
slides were treated with the chromogen 3,3�-diaminobenzidine
(Vector Laboratories, SK-4100) to allow visualization. The
slides were then covered with coverslips, dried, and digitized
using an Aperio Scanscope XT (Aperio Technologies). The
number of Tau-positive cells was quantified in the brain stem
using ImagePro Plus software. This work was carried out by
investigators who were blinded to the treatment status of the
mice.
Rota-Rod Assay—Rota-Rod performance was used to assess

balance and hind limb motor function using an ENV-575MA
five-station mouse Rota-Rod (Med Associates Inc.). Mice were
placed on a rotating rod, and the time each mouse was able to
maintain its balance walking on top of the rod was recorded.
Mice were initially trained for 4 trials per day for 3 consecutive
days at a fixed speed of 20 rpm. Some mice hold on to the
rotating rod as they begin to lose their balance and ride com-
pletely around the rod rotating with it. For these mice, the
latency to the first complete revolution was recorded and they
were removed from the Rota-Rod. On completion of training
micewere assessed at five different speeds (16, 20, 24, 28, and 32
rpm) on 2 separate trials for amaximum trial length of 60 s, and
the latency to fall was recorded. Rota-Rod performance was
assessed prior to initiation of antibody treatment when the
mice were 2 months old and then at 3.5, 4, 4.5, and 5 months
old.
Statistical Analysis: Brain ELISA Assays—We used Dun-

nett’s test to adapt analysis of variance for our scenario, com-
paring each treatment groupwith a control group.One require-
ment for analysis of variance to be valid is that the data are (at
least approximately) normally distributed. In a biological set-
ting it is often the case that treatment effects are proportional,
rather than additive, in which case it may be found that,
although the raw data are not normally distributed, their loga-
rithms are. This is the case with the present ELISA data sets, as
was verified by carrying out goodness-of-fit tests for both the
raw results and their logarithms (base 10) in each of the treat-
ment and control groups. For the logged results the hypothesis
of Normality is not rejected for any group, while for the raw
results Normality is rejected in some groups. The statistics for
the ELISA assays shown in Figs. 6 and 9 are therefore done with
the logged results.
Data are presented as mean � S.E. and p values of �0.05

being considered statistically significant. Immunohistochemis-
try datawere analyzed (Statistica, StatSoft Inc.) using analysis of
variance (ANOVA), and where appropriate, followed by post-
hoc Dunnett’s test. Changes in body weight were evaluated
using a repeated-measuresANOVAperformed on transformed
data [square root (change in body weight compared with day
1� 10)] withGROUP as the between-subjects factor andTIME
as the repeatedmeasure. If a significant GROUP�TIME inter-
action was observed, univariate planned comparisons was used
to determine at which time point groups differed followed by
post-hoc Dunnett’s test. Rota-Rod data were initially trans-
formed (square root) followed by repeated-measures ANOVA
and post-hoc Dunnett’s test.
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RESULTS

We administered antibodies against pathological forms of
Tau protein by intraperitoneal injection in mice transgenic for
human mutant Tau. In the first study we used the well charac-
terized JNPL3 mice, which express 0N4R human Tau with the
P301L mutation that causes frontotemporal dementia in
humans under control of the mouse prion promoter at average
levels similar to endogenous mouse Tau. These mice show an
age-dependent development of neurofibrillary tangles and in
later stages motor neuron loss that is associated with the onset
of progressive motor dysfunction (14). Biochemically, the
major accumulating hyperphosphorylated Tau species
migrates with an apparent molecular mass of 64 kDa and is
found almost exclusively in insoluble fractions. Significantly
this species in JNPL3 mice comigrates with hyperphos-
phorylated, insoluble forms of 4R0N Tau from human AD
brain (so-called “PHF” Tau) on SDS-PAGE. This Tau species
accumulates in AD (and in all other human tauopathies), and as
with themice this is absent in normal individuals.Moreover the
64-kDa species displays the typical phosphoepitope profile of
human PHF Tau (15) and correlates with functional deficits in
several models of tauopathy (16). This band is thus the bio-
chemical correlate or remnant of neurofibrillary tangles and
earlier pathological Tau assemblies that are sensitive to SDS
and that are therefore broken downduring the process ofWest-
ern blot analysis (8).
Levels of this species correlate closely with neurofibrillary

tangle counts in transgenic models as the mice age and their
phenotype develops.We show this here for P301Smice (Fig. 3).
Moreover propagation of Tau pathology by injecting normal
mice with brain extracts from P301Smice can only be achieved
if extracts containing the 64-kDa Tau species are used (8). As a
result the relevance ofmeasuring the levels of this species in our
transgenicmice, especially to assess the impact of immunother-
apy, is clear.
In a pilot study, using JNPL3 mice, we established a treat-

ment window by demonstrating that in our colony male
homozygousmice donot show insoluble 64-kDaTau in brain at
2 months of age but that it can be detected at 5 months of age
(not shown). We then initiated the first study, in which JNPL3

mice were treated from 2 to 6 months of age with either one of
two different mouse monoclonal antibodies that detect
epitopes enriched in pathological Tau: PHF1 (which recognizes
Tau with phosphorylated serines 396 and 404 (9)) or MC1 (a
conformation-dependent antibody that recognizes an early
pathological Tau conformation (10)) or a control mouse IgG1
antibody.
At the end of the study half brains were homogenized to

generate a total extract, and we then separated the soluble frac-
tion (S1) from the insoluble fraction (P1). For the JNPL3mouse
we focused our analysis of Tau immunotherapy effects on the
P1 fraction, because in this model the 64-kDa pathological Tau
species is found almost exclusively in this fraction.Western blot
analysis of this fraction using antibody AT8 (which recognizes
Tau phosphorylated at Ser-202 and Thr-205 (17)) showed only
the 64-kDa Tau band, which exhibited substantial animal-to-
animal variability, but overall was reduced in both the PHF1-
andMC1-treated groups versus control (Fig. 4A). In contrast, in
the total brain extract, total humanTau, as detected byWestern
blotting with antibody HT7 (a human-specific monoclonal
antibody recognizing amino acids 159–163 (12)), appeared
similar in all groups (Fig. 4B), indicating that the observed
reduction of the 64-kDa band was not simply a consequence of
reducing overall Tau levels.
To rigorously quantitate pathological Tau burden in our

models, we established an ELISA assay method using AT8 as
capture antibody (see “Experimental Procedures”). This assay
showed a broad dynamic range and did not detect normal brain
Tau (Fig. 5A) or recombinant wild-type Tau (not shown). Such
an assay should allow more accurate quantitation than scan-
ning of Western blots with a quite limited dynamic range.
Moreover, linking the AT8 ELISA to our relatively simple frac-
tionation procedure enables a robust biochemical assessment
of the Tau pathology in our transgenic models. As expected,
comparing the AT8 ELISA readouts versus quantitation of the
64-kDa band in AT8 Western blots of the P1 fraction of all
animals in the study showed a strong correlation (Fig. 5B, r2 �
0.73).
Spiking experiments further demonstrated that neitherMC1

nor PHF1 interfered with this assay (Fig. 5C). This is an impor-
tant control, because the brains and spinal cords of the treated
mice may contain treatment antibodies that could be released
during the extraction. Using this AT8 ELISA for the insoluble
fraction of the brain we found that both antibodies reduced the
biochemical pathology by �50% (Fig. 6A), which was highly
statistically significant (p� 0.0006 for PHF1 and p� 0.0004 for
MC1 by Dunnett’s method (Fig. 6B)). Applying the same anal-
ysis techniques to spinal cords of the same mice we obtained
similar results with significant reductions for both PHF1 and
MC1 treatment versus control antibody (not shown).
This is the first demonstration that Tau immunotherapy is

able to reduce the accumulation of biochemically measurable
pathological Tau species. However, these data also point to the
high inter-animal variability in the Tau pathology observed in
the JNPL3 model, which has been reported before (18) and
which makes interpreting pharmacological studies extremely
difficult. Moreover, JNPL3 mice on the available genetic back-
ground display very slow pathogenic progression with only

FIGURE 3. Correlation of the 64-kDa P1 Tau species on Western blots with
neurofibrillary tangles (as detected by immunohistochemistry with anti-
body PG5).
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sparse tangles detectable by immunohistochemistry until the
mice are more than a year old. As a result this model is also not
ideally suited for investigating treatment effects on functional
outcomes, as motor function is again impaired only in old mice
(�1 year old) (14).
We therefore sought to confirm and extend the findings in a

second model, the more recently described P301S transgenic
mouse line that expresses under control of the murine thy1
promoter the 4R0N isoform of human Tau with the P301S
mutation. At 5–6 months of age, homozygous animals from
this line develop a neurological phenotype dominated by severe
paraparesis caused by neurodegeneration in the spinal cord. As
in the JNPL3 mice Sarkosyl-insoluble Tau from brains and spi-
nal cords of the P301S mice runs as a hyperphosphorylated
64-kDa band comigrating with human PHF Tau (19). P301S
mice were therefore treated from 2 to 5 months of age with
either one of the two different mouse monoclonal antibodies
used in the previous JNPL3 study (PHF1 orMC1) or the control
mouse IgG1 antibody.
Baseline motor function was assessed prior to the start of

chronic dosing, and behavior was monitored during the course
of the study. The study was terminated when a major propor-
tion of themice began to showmotor symptoms at 5months of
age. During the course of the study, the young mice in all treat-
ment groups initially gained weight. In contrast, as motor func-
tions became progressively impaired (4.5–5months) all groups
began to lose weight. However, there was a significant attenu-

ation of weight loss in both the PHF1 and the MC1 treatment
groups relative to control (Fig. 7A) with significantly delayed
onset of body weight loss in both treatment groups (Fig. 7B).
When the motor function of the mice was assessed by Rota-

Rod 1 week before sacrifice by assessors blinded to the treat-
ment status of the mice, both the PHF1- and the MC1-treated
mice outperformed the control antibody-treated mice, as
shown by increased fall latency at all speeds tested (Fig. 8). After
sacrifice one half brain was used for biochemistry analysis,
while the other half was kept for immunohistochemistry. As in
the JNPL3 study total human Tau in the total extract, as
detected by Western blotting with antibody HT7, appeared
similar in all groups (Fig. 9A), indicating that PHF1 or MC1
treatment had not substantially reduced overall Tau levels.
In contrast to the JNPL3 model the P301S mice accumulate

detectable levels of hyperphosphorylated Tau species (64 kDa)
in soluble as well as insoluble fractions (see “Experimental Pro-
cedures”), although as in the JNPL3 model much higher levels
were again found in the insoluble fraction (�90%) and the
appearance of the 64-kDa band in the soluble fraction in P301S
mice was tightly correlated with levels of this species in the
P1-insoluble fraction (not shown).
The precise reason for this difference between the patholog-

ical Tau accumulation in the two models is unclear, however,
the rate of pathogenesis and phenotypic progression in the
P301S mice is higher than in the JNPL3 mice, which may
explain the apparent discrepancy (19). Therefore, we analyzed

FIGURE 4. Biochemically detectable Tau pathology in JNPL3 mice is reduced after passive immunization with anti-Tau antibodies. A, AT8 Western blot
of the P1 brain fraction from 6-month-old JNPL3 mice shows the specificity of the antibody for the 64-kDa band of hyperphosphorylated human Tau that
comigrates with PHF Tau from AD brain (15) and correlates with functional deficits in several models of tauopathy (16). The 64-kDa band is weaker in the MC1
and PHF1 treatment groups compared with control antibody. B, HT7 Western blot of total Tau in total extracts shows no apparent differences between
treatment groups.
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the effects of immunotherapy on both S1 and P1 fractions.
ELISA analysis of the P1 fraction (Fig. 9B) revealed relative to
control antibody a 45% reduction in biochemical pathology in
the PHF1-treated mice, which was highly significant (p �
0.006) and a 33% reduction in theMC1group, although thiswas
not significant at the p � 0.05 level (p � 0.088). ELISA analysis
of the S1 fraction demonstrated relative to control antibody a
40% reduction with PHF1, which was significant (p � 0.037)
and a 29% trend to reduction with MC1 (p � 0.138) (Fig. 9C).

Applying the same analysis techniques to the spinal cord P1
fraction of the same mice we obtained similar results with
reductions for both PHF1 (p � 0.086) and MC1 (p � 0.016)
treatment versus control antibody (Fig. 9D). In summary, in the

P301Smodel in all fractions, where it can be detected, biochem-
ical Tau pathology was reduced by Tau immunotherapy, con-
sistent with the results in the JNPL3 model (see above). The
P301S model showed more severe Tau histopathology at an
earlier age than the JNPL3 model, and by 5–6 months many
nerve cells in brain and spinal cord are strongly immunoreac-
tive for hyperphosphorylatedTau.Moreover, the appearance of
this histopathology is tightly correlated with the appearance of
the 64-kDa hyperphosphorylated Tau, which can be detected
biochemically (Ref. 19 and data not shown). We therefore
sought to determine the effects of Tau immunotherapy not only
with sensitive biochemistry methods, but also using immuno-
histochemistry focusing on brain stem and spinal cord, the
regions that show the most robust Tau pathology in this model
(19). This analysis, carried out by investigators that were
blinded to the treatment status of themice, showed evidence of
reduced Tau neurofibrillary pathology in both the PHF1 and
MC1 treatment groups relative to the control group using anti-
body PG5, which recognizes Tau phosphorylated at Ser-409
(10) (Fig. 10).
Quantitative analysis demonstrated reduction in pathology

using three different detection antibodies: AT8, which recog-

FIGURE 5. AT8 ELISA. A, standard curve using AD and control brain homoge-
nates. The normal Tau present in control brain does not lead to a detectable
signal. B, AT8 Western blot and ELISA results in the P1 fraction of all mice in the
study show a strong correlation (r2 � 0.73) between the two measures.
C, spiking experiment. Addition of PHF1 and MC1 at the indicated concentra-
tions to JNPL3 P1 extracts does not interfere with signal detection by the AT8
ELISA, demonstrating that AT8 signal changes in brains of mice treated with
these antibodies are not ELISA artifacts.

FIGURE 6. A, AT8 ELISA analysis of the JNPL3 mouse P1 brain fraction shows
strong reduction in AT8 signal in both antibody treatment groups compared
with control antibody. B, statistical analysis of the log-transformed AT8 ELISA
data shows that the reduction is highly significant for both PHF1 and MC1.
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nizes Tau phosphorylated at Ser-202 and Thr-205 (Fig. 11A,
significant reduction for both antibodies in both regions); PG5
(10) (Fig. 11B, significant reduction for both antibodies in both
regions), and nY29, which detects Tau nitrated at position 29
(20) (Fig. 11C, strong trend for both antibodies in both regions).
The PG5 and nY29 antibodies each recognize epitopes that are
largely restricted to neurofibrillary inclusions (tangles and neu-
ropil threads) (10, 20).3

We then counted neurons in brain stem and spinal cord, but
did not see a significant difference between treated and control
groups, thus excluding the possibility that the observed
decrease in the number of phosphorylated Tau-positive neu-
rons could result from accelerated neuronal loss at the time
points we studied.
We also addressed, immunohistochemically, whether the

observed phenotypic improvements correlated with a reduc-

tion in neurospheroids in spinal cord axons as a measure of
early neurodegenerative change (Fig. 12). This analysis demon-
strated a significant reduction in neurospheroid numbers in
mice treated with PHF1 (p � 0.012) and MC1 (p � 0.004).
Finally, after staining with ionized calcium-binding adaptor
molecule 1 for microglia and glial fibrillary acidic protein for
astrocytes we did not find evidence of a persistent increase in
astrocyte or microglia activation in treatment versus control
groups (data not shown).

DISCUSSION

In summary, we have established that passive immunization
with antibodies that selectively recognize pathological forms of
Tau reduces the extent of biochemically detectable Tau pathol-
ogy in two different mouse models and that this translates into
a reduction in axonal degeneration, a preservation of motor
function, and slowing of disease progression in the P301S
model of tauopathy. The therapeutic effects observed in the
P301S mice are all the more impressive given the aggressive
disease course in thismodel.We observed strong effects onTau
pathology using both immunohistochemistry with antibodies
that selectively recognize neurofibrillary inclusions and
through analysis of a biochemical correlate of Tau pathology
(64-kDa hyperphosphorylated tau). This assessment of two
tightly linked pathological endpoints provides the most robust
evidence to date that immunotherapy can slow the progression
of Tau pathogenesis. Because we did not dissect brain subre-
gions for biochemistry, we do not know whether the observed
reduction in insoluble hyperphosphorylated Tau occurred to
the same extent everywhere (whereas total Tau was unchanged
in every brain subregion); however, immunohistochemistry in
the cortex/forebrain did show a trend toward reduction of tan-
gles in this subregion (data not shown). We chose not to cover
these results in depth, because tangle numbers were variable in
the cortex/forebrain of P301Smice, and those in the hippocam-
pus were present in extremely low numbers, making interpre-
tation of the findings in these brain regions difficult. However,
overall, our data point to a broad therapeutic effect of immu-
notherapy with a reduction in Tau pathology observed inmany
of the brain regions previously reported to be impacted in the
P301S model (19).
In the P301S mice, we also observed reduced numbers of

neurospheroids in the spinal cords of treated mice, consistent
with a therapeutic effect of Tau immunotherapy on the neuro-
degenerative process in this model. This in turn was linked to a
clear slowing of phenotypic progression with delayed develop-
ment of motor deficits and body weight loss in P301S mice
treated with both Tau monoclonal antibodies. In combination,
these findings indicate that the observed reduction in Tau
pathology in P301S mice treated with the two Tau therapeutic
antibodies also led to improved neuronal function. We did not
however observe significant differences in the numbers of dor-
sal horn motor neurons in spinal cords from treated versus
untreated mice despite previous reports that this model devel-
ops significant neuronal loss in this region (19). One obvious
explanation, given the observed reduction in neurospheroids, is
that the mice were sacrificed at a relatively early phenotypic
stage prior to the onset of massive neuronal cell body loss3 P. Davies, unpublished data.

FIGURE 7. Attenuation of body weight loss (A) and delay in onset of
weight loss (B) after treatment with MC1 and PHF1. A, repeated-measures
ANOVA indicated that there was a significant Day � Group interaction
F(50,900) � 3.29, p � 0.0001 with both MC1 and PHF1 treatment reducing the
weight loss from day 85 onward. Univariate planned comparisons revealed
significant group effect from day 85 onward, p � 0.03. Post hoc Dunnett test
compared with control antibody (Ab)-treated group: Day 85: F(2,36) � 4.07,
p � 0.03, MC1 p � 0.01, PHF1 p � 0.03; Day 88: F(2,36) � 3.75, p � 0.03,
MC1 p � 0.01, PHF1 p � 0.04; Day 93: F(2,36) � 4.00, p � 0.03, MC1 p � 0.009,
PHF1 p � 0.05. In all cases; *, p � 0.05 versus control Ab-treated. Data are
based on n � 13 mice per group. B, illustrates the mean day of onset of body
weight loss in P301S mice. Results indicated that both MC1 and PHF1 treat-
ment delayed the onset of weight loss. One-way ANOVA F(2,36) � 9.33, p �
0.001. Post hoc Dunnett test compared with control Ab-treated group; ***,
p � 0.005. Data are based on 13 mice per group.

Anti-Tau Antibodies Reduce Pathology

SEPTEMBER 30, 2011 • VOLUME 286 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 34463



thereby preventing the observation of a therapeutic effect on
motor neuron numbers. Additional studies in this and other
transgenic models will be needed to fully determine the extent
to which passive immunotherapy is able to block Tau-associ-
ated neuronal loss.
It is interesting to note that both therapeutic Tau antibodies,

despite recognizing very different pathological epitopes, pro-
duced very similar levels of phenotypic improvement. How-
ever, whether this reflects a maximal therapeutic effect with
immunotherapy in this model awaits the outcome of studies
with additional antibodies. Currently we do not understand the
role of the antibody epitope for in vivo efficacy: Will it be nec-
essary to target a conformational (MC1) or phospho- (PHF1)
epitope found selectively in pathological forms of Tau or will a
broad spectrumof antibodies show activity? In vivo studieswith
a range of different antibodies will be required to address such
questions.
Four previously published active immunization studies (5–7,

21) have pointed to the possibility that Tau immunotherapy
could affect Tau pathology, but the interpretation of these data
has been challenging. In the first publication immunization of
wild-type mice with full-length Tau emulsified with complete
Freund’s adjuvant, and pertussis toxin caused encephalomyeli-
tis accompanied by the formation of neurofibrillary tangles-like
pathology (21), whereas a second study from the same group,
immunizing Tau transgenic mice with a mixture of three
shorter phospho-Tau peptides and the same adjuvants, found
no adverse symptoms, but actually showed reduction of neuro-
fibrillary tangle pathology and increased microglial activation
by immunohistochemistry (6). A second group immunized
young JNPL3mice with a phospho-Tau peptide andAdju-Phos

adjuvant and observed improvement in tangle-related motor
behaviors and some reduction of Tau pathology, as assessed by
immunohistochemistry, whereas Western blot analysis of Tau
pathology was less conclusive (5). Using the same immunogen
in a new mouse model transgenic for both Tau and mutant
presenilin1 (but not amyloid precursor protein), this group
recently reported prevention of cognitive decline and signifi-
cantly reduced PHF1 staining by immunohistochemistry in the
immunized mice but no significant reduction of insoluble Tau
byWestern blot analysiswith PHF1 antibody. Interestingly, and
in contrast to Ref. 6, no significant difference was observed
between immunized and control mice in the degree of micro-
gliosis (7).
These results suggest the potential of Tau immunotherapy,

but underscore the challenges of interpreting active immuniza-
tion studies, wheremultiple components of the immune system
are activated, vastly different outcomes are observed with dif-
ferent immunogens (full-length Tau (21) versus phosphopep-
tides (5–7)), titer responses vary between individuals, adjuvant
effects may play a role, and autoantibodies complicated the
characterization of the antibodies that were generated toward
the immunogen (5).
With a passive immunization approach we were able to

unambiguously ascribe the observed effects to two well charac-
terized monoclonal antibodies, PHF1 and MC1. Given the
combination of pathological and functional outcomemeasures
used in our study, we are confident that the observed effects of
Tau immunotherapy are robust. However, the exact mecha-
nismbywhichTau antibodies impact the development of intra-
cellular Tau pathology is not fully understood. We also do not
know whether endogenous normally functioning Tau proteins

FIGURE 8. Motor performance as measured by fall latency on Rota-Rod 1 week before sacrifice is improved by both PHF1 and MC1 versus control
antibody treatment. Univariate planned comparisons revealed significant difference between control Ab-treated (n � 13) and Combined data (n � 26)
compared with control Ab-treated group; *, p � 0.05; **, p � 0.01. For individual PHF1 and MC1 data there were significant improvements over control
Ab-treated at several speeds using post hoc Dunnett’s t test; *, p � 0.05; **, p � 0.01.
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were affected by the antibody treatments.Webelieve that this is
unlikely given that the antibodies used in our study are selective
for pathological Tau and that our antibodiesmay not reach Tau

inside the neurons, where endogenous Tau is supposed to exert
its physiological function. Moreover we did not observe any
negative effects onmotor function in young treated P301Smice

FIGURE 9. Biochemical analysis of P301S extracts. A, HT7 Western blot of total Tau in total extracts shows no apparent differences between treatment groups.
B–D, AT8 ELISA of P301S mice. All plots show AT8 signal (micrograms of AD brain homogenate that would produce the same ELISA signal) per milligram of
mouse tissue homogenate. B, P1 brain fraction shows a significant reduction in AT8 signal for PHF1 and a trend toward reduction for MC1 compared with
control antibody. C, S1 brain fraction shows a significant reduction in AT8 signal for PHF1 and a trend toward reduction for MC1 compared with control
antibody. Note that the AT8 signal in the soluble fraction is �10% of the P1 signal. D, P1 spinal cord fraction shows a significant reduction in AT8 signal for MC1
and a trend toward reduction for PHF1 compared with control antibody.

FIGURE 10. Representative images taken from the spinal cord and brain stem (�20) from P301S mice treated with control, MC1, and PHF1 antibodies.
The images show a reduction in PG5 staining in the MC1- and PHF1-treated mice compared with control antibody-treated mice.
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prior to the onset of the phenotype in the control animals (not
shown). In addition, there was no detectable reduction in total
Tau associated with immunotherapy in either model (Figs. 4
and 9).
Our study demonstrates that certain Tau antibodies alone

are sufficient to drive the therapeutic effect and that other ele-
ments of the immune response to an active immunization (e.g.
T-cell activation) are not required. We also did not find evi-
dence of increased microglia or astrocyte activation, which

appears to be critical for the mechanism of action of at least
some anti-A� antibodies (22, 23), in the treatment versus con-
trol groups; however, we cannot rule out transient microglia
activation that may no longer be detectable at the end of the
study.
In the simplest mechanistic scenario peripherally adminis-

tered anti-Tau antibodies would capture extracellular patho-
genic Tau molecules and thus delay the spread of tauopathy by
propagation. This scenario is supported by the following find-
ings: First, it has long been established that a small proportion
of a peripherally administered antibody dose does enter the
central nervous system (22). This is independent of the epitope
and just a function of the size of the protein. For example cer-
ebrospinal fluid levels of IgGs are �0.1% of their plasma levels
(24). Second, Tau pathology can be transferred between cells in
culture (25). Third, an obligatory extracellular intermediate
may be necessary for the spread of tauopathy in vivo (26).
Indeed, insoluble Tau extracts from P301S transgenic mice
containing the 64-kDa hyperphosphorylated Tau species,
which was reduced by passive immunotherapy in this study,
were necessary and sufficient to drive the propagation of neu-
rofibrillary pathology in the brains of recipient mice (26).
The proposed most parsimonious scenario would therefore

require antibodies to get access to extracellular pathological
Tau species in the CNS that underlie the spread of Tau pathol-
ogy, but it would not require antibodies to directly bind intra-

FIGURE 11. Quantitative analysis of pathology in the spinal cord and brain stem of P301S mice. A, quantitation of AT8-positive cells in brain stem shows
a significant reduction for PHF1 and MC1 treatment compared with control antibody. There was also a significant reduction in of AT8 in the cord for
PHF1-treated mice. B, quantitation of PG5 positive cells in brain stem and spinal cord shows a significant reduction for PHF1 and MC1 treatment compared with
control antibody. C, quantitation of nY29-positive cells in spinal cord brain stem shows a trend toward reduction for PHF1 and MC1 treatment compared with
control antibody. Data were analyzed using one-way ANOVA followed by post-hoc Dunnett test; *, p � 0.05 versus control antibody.

FIGURE 12. Quantitative analysis of the number of neurofilament-posi-
tive axonal spheroids in the spinal cord of P301S mice. Data indicated that
there was a significant reduction in NF200-positive neurospheroids in the
spinal cord for PHF1 and MC1 treatment compared with control. Data were
analyzed using one-way ANOVA followed by post-hoc Dunnett test. *, p �
0.05 versus control antibody.
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neuronal Tau. It is even conceivable that exogenous antibodies
transferred to cerebrospinal fluid may capture soluble, but
pathological Tau species, reducing the spread of pathology by
acting as a sink. This would be reminiscent of the proposed
mechanisms of antibody-mediated reduction of extracellular
A� amyloid. However, our data do not rule out more compli-
cated mechanisms where antibodies somehow get access to
intracellular Tau to block its aggregation or trigger its
clearance.
Although better understanding of the mechanism of action

will be important for the generation of antibodies with the best
combination of epitope, affinity, and effector functions, the
present data already suggest that anti-Tau antibodies may have
utility for the treatment of AD, where non-amyloid-directed
therapeutics are urgently needed, and also for the treatment of
the less common tauopathies, where few tractable targets cur-
rently exist.
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