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Tau is a primary target for immunotherapy in Alzheimer’s dis-
ease (AD). Recent studies have shown the potential of anti-tau
fragment antibodies in lowering pathological tau levels in vitro
and in vivo. Here, we compared the effects of single-chain var-
iable fragments (scFvs) derived from the well-characterized
monoclonal antibodies PHF1 and MC1. We used adeno-asso-
ciated virus 1 (AAV1) to deliver scFvs to skeletal muscle cells
in 8-week-old P301S tau transgenic mice. We evaluated motor
and behavioral functions at 16 and 23 weeks of age and
measured misfolded, soluble, oligomeric, and insoluble brain
tau species. Monotherapy with scFv-MC1 improved motor and
behavioral functions more effectively than scFv-PHF1 or com-
bination therapy. Brain glucose metabolism also benefited
from scFv-MC1 treatment. Surprisingly, combining scFvs tar-
geting early (MC1) and late (PHF1) tau modifications did not
produce additive or synergistic effects. These results confirm
that intramuscular AAV1-mediated scFv-MC1 gene therapy
holds promise as a potential treatment for AD. Our findings
also suggest that combining scFvs targeting different tau epi-
topes may not necessarily enhance efficacy if administered
together in a prevention paradigm. Further research is needed
to explore whether other antibodies’ combinations and/or
administration schedules could improve the efficacy of scFv-
MC1 alone.

INTRODUCTION

In Alzheimer’s disease (AD), the development of disease-modifying
therapies targeting microtubule-associated protein tau (MAPT) is
supported by the strong correlation between tau deposition and
the onset and progression of cognitive decline.' > While not present
in AD, MAPT gene mutations cause tau accumulation in hyperphos-
phorylated, conformationally altered, and aggregated forms, leading
to neurodegeneration, e.g., in frontotemporal dementia.’ ® Reducing

pathological tau is a promising strategy, and a wide array of
approaches have been proposed and tested, aiming to clear tau aggre-
gates, slowing the progression of the disease: immunotherapy, inhi-
bition of aggregation, autophagy stimulation, modulation of phos-
phorylation, glycosylation, acetylation, truncation, and antisense
oligonucleotides.””'> While Ap immunotherapy has progressed to-
ward regulatory approval,'®'® with modest benefits and potential
side effects, tau therapeutics are still in the early phases of clinical
development.”'®

Current anti-tau immunotherapy use whole immunoglobulin (Ig)
Gs, which poorly penetrate the blood-brain barrier.'”’

tibodies targeting extracellularly the N-terminus of tau, have failed to
9,11,19,20

8 Anti-tau an-

provide benefits in human trials,
tions: (1) Are these antibodies targeting relevant epitopes of tau, at
the right time? and (2) Is focusing solely on extracellular tau suffi-
cient for therapeutic effects*'? The recent phase 2 trial of zagotene-
mab (NCT03518073), a humanized form of the MCI antibody
(conformational tau specific, early marker of AD pathology),”**’
did not meet its primary endpoint and was discontinued.” This result
was attributed to the antibody’s poor binding to intracellular tau.*' It
is important to note that preclinical studies in tauopathy models have
demonstrated some ability of antibodies to enter neurons.”* *°

raising two critical ques-

A new avenue is represented by antibody fragments, which, by virtue
of their small size, readily enter the brain, diffuse into the paren-
chyma, and bind to complex epitopes, often unrecognized by whole
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antibodies.”” >’ Engineered anti-tau antibodies used as in vivo diag-
nostic tools have confirmed neuronal uptake and intracellular distri-
bution after peripheral administration,*****!
correlating with intraneuronal tau aggregates, associated with
markers of endosomes, autophagosomes, and lysosomes. Using anti-
body fragments, such as single-chain variable fragments (scFvs), in-
trabodies, and variable domains of heavy-chain antibodies, has
shown great potential as disease-modifying therapeutics in vitro
and in vivo.”**>**™** Antibody engineering combined with vector-

with signals clearly

ized gene therapy represents an important alternative approach to
delivering anti-tau fragments to the brain parenchyma. Our labora-
tory has shown that adeno-associated virus (AAV)-vectorized scFv-
MCI1 can significantly reduce pathological tau species in adult tau
transgenic mice upon AAV-mediated hippocampal injection.”* In
addition, we have optimized a translational preclinical paradigm in
which a one-time intramuscular injection of AAV1-scFv-MC1 was
able to generate a long-lasting peripheral source of scFv-MCl, trans-
lating into a parallel reduction of tau species in the brain®® with an
overall efficacy between 50% and 60%.

Here, we sought to validate further and enhance the efficacy of this
paradigm, providing a comparison between scFv-MCI1, scFv-phos-
phorylated tau (p-tau)-specific, p-Ser396/404, late epitope (PHF1),
and their combination. The use of PHF1 has proven effective in
reducing pathological tau in transgenic models.”>** In addition,
intracranial injection in adult P301S mice using AAVrh.10-PHF1
(carrying the full-length monoclonal antibody [mAb]) has shown
robust (>70%) reductions of insoluble p-tau species in the hippo-
campus and cortex.”

This study explores whether a combination approach targeting both
AD specific early conformational modifications (scFv-MC1) and
late phosphorylation epitopes (scFv-PHF1) would result in additive
efficacy. A detailed biochemical analysis of misfolded, soluble, and
insoluble tau species in the cortex and hippocampus shows that
scFv-MCl1 outperforms all treatments paradigms, with improved mo-
tor and behavioral phenotypes. We also observed that scFvMCl treat-
ment is associated with an increased relative glucose metabolic uptake
in specific brain areas relevant to AD pathology. These new data
extend our knowledge on tau immunotherapy with special emphasis
on (1) which tau biochemical species are targeted or engaged and their
correlation with the neurodegenerative phenotype and (2) which (if
any) combination approach will enhance efficacy when targeting tau.

RESULTS

scFv-PHF1 retains its epitope specificity and ability to bind
pathological tau

While scFv-MC1 was fully characterized previously,”>** in this
study, we assessed the ability of scFv-PHF1 to target p-tau at the
396/404 epitope. After 48 h of transfection into HEK293T, scFv-
PHF1 was efficiently secreted into the conditioned medium as shown
by its reactivity to the specific p396/404 epitope (Figure 1Aa). Cell
lysates from transfected HEK293T cells revealed the scFv by immu-
noblot (with an expected band around 30 kDa) (Figure 1Ab).
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Furthermore, purified scFv-PHF1 was analyzed on a Coomassie-
stained SDS-PAGE gel to confirm its molecular weight and the purity
of the preparation (Figure 1Ac). To further characterize scFv-PHF1,
we stained brain sections from 5-month-old P301S tau transgenic
mice using either PHF1 (full IgGl) or the purified scFv-PHF1
(Figure 1B), confirming its ability to bind tangle-like bearing neu-
rons efficiently. Additionally, reactivity to aggregated/p-tau was
measured using an immunosorbent assay in which 96-well plates
were coated with AD-derived PHF-tau (Figure 1C). As expected,
scFv-PHF1 showed greater reactivity to PHF-tau than scFv-MCl,
confirming previous affinity data published on the parental
mAbs.”> Moreover, combining scFvs resulted in an increased PHF-
binding effect. Collectively, these results demonstrate that scFv-
PHF1 retains its epitope specificity and ability to bind pathological
tau, suggesting its potential as a disease-modifying therapeutic tool.

Expression of scFv-PHF1 and scFv-MC1 in monotherapy and
combination significantly reduces both misfolded and soluble
tau in the cortex

To investigate the effect of the different treatment paradigms, we
initially focused on the levels of MC1-misfolded tau in the cortex.
Immunohistochemical analysis and semi-quantification of tau pa-
thology using MC1 mAb were used for this purpose. Our data
showed that all treatment groups significantly reduced the accumu-
lation of misfolded tau in the frontal cortex (Figures 2A and 2B;
Figure S1A): a 45%-50% decrease was detected in the scFv-PHF1 in-
jected group (*p < 0.05), a 60% reduction in the scFvMCl1 group
(***p < 0.001), and 45%-50% in combination (**p < 0.01). To deepen
our analysis, we rigorously quantified the levels of total and phos-
phorylated soluble tau using our highly sensitive tau ELISAs.*> As
shown in Figure 2C, a conspicuous decrease of total and p-tau was
detected in the cortex. When compared with control mice (sham
eGFP), total soluble tau was reduced by circa 60% in the scFvPHF1
and scFvMCI groups (***p < 0.0001) (Figure S2A.a), while their
combination exerted a 70% reduction (***p < 0.0001). Animals
treated in combination also showed significantly less total tau
compared with the scFv-PHFI group (*p < 0.05). We then looked
at p-tau in the same conditions and found that tau phosphorylation
at Ser202 and Ser396/404 followed the same trend as total tau,
with both phospho-epitopes decreased by 60% (**p < 0.001,
**p < 0.0001) in all treatment groups (Figure S2A.b and c).
Conversely, phosphorylation at Thr231 was not significantly modu-
lated. Figure S3A shows representative images of cortex stained with
RZ3 (tau pThr231) and CP13 (tau pSer202). Of note, while the levels
of total tau and pSer202 were comparable in the baseline (2-month-
old mice, not injected, termed 2M henceforth) and sham groups
(6-month-old mice, not injected), pThr231 and pSer396/404 showed
an expected boost of phosphorylation with aging (2-6 months).
Examining the data from this perspective, all treatment paradigms
were able to reduce total and pSer202 tau to significantly lower levels
than the 2M baseline group (—50% to —70%), implying the ability to
actively remove existing soluble tau species. In addition, the buildup
of tau phosphorylated at Ser396/404 was contained by all treatments,
as with levels of p-tau comparable to the 2M baseline group. Taken
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Figure 1. ScFv PHF1 characterization of epitope specificity and target engagement

(Aa) scFv-PHF1 was successfully secreted upon transfection in HEK293T cells, shown by strong reactivity of the conditioned medium to the p396/p404-tau peptide; no
signal was detected in the empty vector lane (Empty v). (Ab) Cell lysates were tested viaimmunoblot for scFv detection at 30 kDa (anti-Myc tag primary antibody); no band was
detected in the empty vector lane (Empty V). (Ac) Purified scFv-MC1 was run on a Coomassie-stained SDS-PAGE confirming its molecular weight (30 kDa). (Ba) PHF1 and
(Bb) scFv-PHF1 stain tangle-bearing neurons in P301S tau transgenic mice brains; staining was visualized using 3,3’-diaminobenzidine (Olympus BH-2 bright field mi-
croscope; scale bar, 100 pm). (C) Reactivity to PHF-tau was tested in vitro, via immunosorbent assay coated with AD-derived PHF-tau. Specificity of scFv-PHF1 was
confirmed; scFvs combination (pre-incubated at 37°C for 1 h, or not) increased PHF-tau binding; increasing concentrations (ug/mL) of scFvs (scFvPHF1 and scFMC1) were
added following incubation with anti myc-HRP: reactivity to PHF-tau is expressed as optical density; anti myc-HRP show the basal background in the assay.
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Figure 2. scFv-MC1 and scFv-PHF1 significantly reduce misfolded and soluble tau in the cortex, in mono- and combination therapy

(A) Representative images of MC1-misfolded tau in frontal cortex (Olympus BH-2 microscope; scale bar, 100 pm), and (B) semiquantification (% area stained). Treatment
groups: sham eGFP (n = 17), scFv-PHF1 (n = 13), scFv-MC1 (n = 14), and combination (n = 20). (C) ELISA quantifications of soluble (SOL) total tau, pThr231-tau, pSer202-
tau, and pSer396/404-tau in 2-month-old baseline (n = 10), sham-eGFP (n = 17), scFv-PHF1 (n = 14), scFv-MC1 (n = 15), and combination (n = 21).

Data were normalized to the percent sham-eGFP group and represent mean + SEM. Statistical analysis was performed by non-parametric Mann-Whitney test. *p < 0.05;
**p < 0.01; **p < 0.001; ***p < 0.0001.
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Figure 3. scFv-MC1 in monotherapy reduces misfolded tau in the hippocampus, while soluble tau levels remain stable

(A) Representative images of MC1-misfolded tau in dentate gyrus (Olympus BH-2 microscope; scale bar, 100 pm). (B) Semi-quantification of percent area stained per
treatment group: sham-eGFP (n = 16), scFv-PHF1 (n = 13), scFv-MC1 (n = 14), and combination (n = 20). (C) ELISA quantifications of soluble (SOL) total tau, pThr231-tau,
pSer202-tau, and pSer396/404-tau in 2-month-old baseline (n = 9), sham-eGFP (n = 17), scFv-PHF1 (1 = 14), scFv-MC1 (n = 15), and combination (n = 18).

Data were normalized to the percent sham-eGFP group and represent mean + SEM. Statistical analysis was performed by one-way ANOVA or non parametric Kruskal-Wallis
test. *p < 0.05; **p < 0.01; **p < 0.001; **p < 0.0001.
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Figure 4. Cortical and hippocampal oligomeric/aggregated tau is significantly reduced with the scFv-MC1 treatment paradigm
(A) DA9/DA9-hrp sensitive tau ELISA quantified cortical oligomeric tau of combined (female [F] and male [M]) and separated sexes. Treatment groups: baseline (n =10, 5 F
and 5 M), sham-eGFP (n = 18, 9 F and 9 M), scFv-PHF1 (n = 14, 7 F and 7 M), scFv-MC1 (n = 15, 6 F and 9 M), and combination (n = 21, 8 F and 13 M). (B) Hippocampal

(legend continued on next page)
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together these data show that, in the cortex, all treatment groups
were able to efficiently target MC1-misfolded, total, and phosphory-
lated soluble tau, both clearing up and blocking the build-up of newly
phosphorylated species. No sex differences were detected in this
analysis (Figure S4).

Misfolded tau, but not soluble tau, is decreased in the
hippocampus when expressing scFv-MC1 in monotherapy
Semi-quantification of tau pathology using the MC1 mAb in the hip-
pocampus showed that the granule cell layer of the dentate gyrus
(Figures 3A and 3B; Figure S1B) exhibited a 70% reduction of reac-
tivity in the group receiving scFv-MC1 monotherapy compared with
the sham group (*p < 0.05). Conversely, scFv-PHF1 and its combina-
tion with scFvMCI1 delivered a nonsignificant trend toward reduc-
tion. In a parallel biochemical analysis of the whole hippocampus, to-
tal soluble tau was not modulated when compared with the sham
injected mice, except for a minimal trend to reduction in the
scFvMCI1 and combination cohorts (Figure 3C; Figure S2B.a); how-
ever, scFvMCl and combination-treated mice had significantly less
total tau than the scFvPHF1-injected group (*p < 0.05). The animals
from the 2M baseline cohort showed overall the same amount of to-
tal tau as the sham mice but significantly less tau phosphorylation at
Ser202 and Ser396/404. None of the treatment paradigms were able
to block or tamper down the buildup of phosphorylated soluble tau
in the hippocampus (Figures 3C; Figure S3B). Similar to the cortex,
no sex effect was found in the hippocampus (Figure S5). These data
indicate that, in the hippocampus, while the overall amount of total
and phosphorylated soluble tau were not efficiently modified by any
of the treatment options, MCl-misfolded tau was substantially
reduced in the dentate granule cells, a hippocampal sub-region
implicated in learning, memory, and spatial navigation.*>*’

scFv-MC1 outperforms all treatment paradigms by significantly
decreasing oligomeric/aggregated tau in both cortex and
hippocampus

We next focused on oligomeric/aggregated tau species ranging from
dimers to larger aggregates. In Figures 4A and 4B (females and males
combined, F&M) oligomeric tau was significantly lowered upon
scFv-MC1 expression in cortex (40% reduction, **p < 0.01) and hip-
pocampus (50% reduction, ****p < 0.0001) when compared with the
sham group; while scFvPHF1 monotherapy exerted a non-significant
trend toward reduction in cortex, it significantly reduced tau in the
hippocampus (~30%, **p < 0.01); combining the scFvs decreased
oligomeric tau in the hippocampus (30-35%, **p < 0.01) with no ef-
fect in cortex. When breaking up the data by sex (Figure 4A), scFv-
MCI treatment lost its significance in cortex, yet preserved a trend to
reduction, likely in relation to a reduced sample size. Notably, scFv-
MC1 maintained its efficacy in the hippocampus (Figure 4B) of both
females and males, reaching —60% (***p < 0.001) and —40%

(**p < 0.01) reduction, respectively. Once again, no significant sex
differences were evident. Altogether, these data confirmed that
scFv-MC1, in monotherapy, significantly and consistently engaged
oligomeric/aggregated tau in the hippocampus and cortex and that
no additive effect resulted from the combination of the two scFvs.
In addition, oligomeric tau in the hippocampus reached levels com-
parable with the 2M baseline group when expressing scFv-MCl, con-
firming the ability of this therapeutic tool to actively target and block
the formation of aggregated species.

scFv-MC1 reduces insoluble tau in the hippocampus but not in
the cortex

None of the treatments were able to significantly decrease insoluble
tau in the cortex (Figure 5A; Figure S2A.d), despite the reduction of
oligomeric/aggregated tau in the scFv-MCl1 group (Figure 4A).
However, combining the scFvs resulted in increased levels of total
insoluble tau (>80%, ****p < 0.0001). We then sought to investigate
whether insoluble tau was modulated in the hippocampus. Given
that scFv-MC1 monotherapy proved to be the most effective treat-
ment paradigm in this study, we treated a new cohort of mice with
scFv-MC1 with the purpose of extracting insoluble tau from the
hippocampi, with hippocampi from each mouse being pooled in or-
der to obtain sufficient amounts of insoluble preparation. As shown
in Figure 5B (and Figure S2B.b), total insoluble tau was reduced by
40% in the scFv-MCl1 group compared with the sham-injected
mice. In addition, the treated mice reached levels comparable with
the 2-month baseline (p = 0.2502, not significant [ns]). Phosphory-
lated tau showed a nonsignificant trend to reduction, in particular
for the pSer202 epitope (p = 0.0524).

Motor and behavioral phenotypes are ameliorated by scFv-MC1
in monotherapy

To assess the effect of disease modification, we examined mice for mo-
tor and behavioral function. Given the early hindlimb paresis devel-
oping in the P301S model and shortened lifespan, mice were tested
in a time frame where motor deficit would not affect their perfor-
mance, allowing us to detect differences between groups. Mice (fe-
males and males) were studied at 16 weeks of age (8 weeks post
AAV-scFv injection) using the rotarod task to measure motor coordi-
nation, balance and grip strength. We found that the scFv-MCI group
showed significant amelioration of the motor phenotype when
compared with the sham group (***p = 2.05 x 10° two-way
ANOVA with repeated measures [RMANOVA] with Tukey test),
the scFv-PHF1 group (**p = 0.00128), and combination treatment
(**p = 0.00124) (Figure 6A). In addition, animals treated with scFv-
MC1 monotherapy had a significantly lower degree of hind-limb
clasping compared with any other group at the time of sacrifice
(26 weeks) (Figure 6B). The open field task examined locomotor ac-
tivity and anxiety-like behavior at 16 weeks (trial 1, 8 weeks post

oligomeric tau quantifications of combined (F and M) and separated sexes. Treatment groups: baseline (n = 10, 5 F and 5 M), sham-eGFP (n = 16, 8 F and 8 M), scFv-PHF1
(n=13,6 Fand 7 M), scFv-MC1 (n = 15, 6 F and 9 M), and combination (n = 21, 8 F and 13 M).
Data were normalized to the percent sham-eGFP group and represents mean + SEM. Statistical analysis was performed by one-way ANOVA or non-parametric Kruskal-

Wallis test. *p < 0.05; *p < 0.01; **p < 0.001; ***p < 0.0001.
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Figure 5. scFv-MC1 provides a reduction of insoluble tau in hippocampus, but fails to significantly reduce insoluble tau in cortex
(A) ELISA quantifications of cortical insoluble (INS) total tau, pThr231-tau, pSer202-tau, and pSer396/404-tau in baseline (n = 10), sham-eGFP (n = 14), scFv-PHF1 (n = 14),
scFv-MC1 (n = 14), and combination groups (n = 21). (B) ELISA quantifications of hippocampal insoluble (INS) total tau, pThr231-tau, pSer202-tau, and pSer393-404-tau in

baseline (n = 8), sham-eGFP (n = 6), and scFv-MC1 (n = 7).

Data were normalized to the percent sham-eGFP group and represent mean + SEM. Statistical analysis was performed by one-way ANOVA or non parametric Kruskal-Wallis

test. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.

AAV-scFv injection) and 23 weeks (trial 2) (Figure 6C). This task was
run only in males to avoid any confounder due to poor locomotion in
females who generally present significant clasping at 23 weeks of age.
Overall, we found a significant rescue of the motor phenotype with

scFv-MCl treatment at trial 1 that persisted to trial 2, as shown by pa-
rameters such as distance moved (scFv-MC1 vs. sham, ***p =
542 x 107% scFv-MC1 vs. scFvPHF1, **p = 1.67 x 10~ scFv-
MC1 vs. combination, **p = 0; two-way RMANOVA with Tukey
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test), speed (scFv-MC1 vs. sham, **p = 4.49 X 107% scFv-MC1 vs.
scFvPHF1, ***p = 1.39 x 1075; scFv-MCI1 vs. combination, **p =
0), and mobility state (scFv-MC1 vs. sham, ***p = 1.56 X 1075
scFv-MC1 vs. scFvPHF1, ***p = 2.03 X 10~>; scFv-MC1 vs. combina-
tion, **p = 0). Notably, the anxiety-like phenotypes were also rescued

Figure 6. Motor and behavioral abnormalities are
ameliorated by scFv-MC1 treatment

(A) Riding time in the rotarod task (5 trials) for 16-week-old
mice (8 weeks post-AAV-scFv injection). Treatment
groups: sham (n = 19, 9 F and 10 M), scFv-PHF1 (n =
15, 7 F and 8 M), scFv-MC1 (n = 16, 6 F and 10 M),
and combination (n = 21, 9 F and 12 M). (B) Hindlimb
clasping scale: score 0 = normal escape extension
reflex; score 5 = absence of extension reflex in both
hind-limbs; scores of 1-4 were determined on the basis
of the amplitude of the extension and the number of
limbs affected by clasping. Treatment groups are the
same as above. Data represent mean + SEM. Statistical
analysis was performed by one-way ANOVA or non
parametric Kruskal-Wallis test. p < 0.05. (C) The open
field task assessed locomotor activity (total distance
moved, mean speed, mobility state) and anxiety-like
behavior (% time in center, % time in corner zones) in
male mice at 16 weeks (trial 1, 8 weeks post-AAV-scFv
injection) and 23 weeks (trial 2). Treatment groups:
sham (n = 10), scFv-PHF1 (n = 8), scFv-MC1 (n = 10),
and combination (n = 14). Data represent mean + SEM.
Statistical analysis was performed by one-way
RMANOVA.

*p < 0.05; *p < 0.01; **p < 0.001.

in the scFv-MC1 group, which, compared with
the other groups, spent significantly longer
time in the center of the arena (scFv-MCl1
vs. sham, ***p = 3.16 x 10~% scFv-MC1 vs.
scEVPHF1, ***p = 2.87 x 10~% scFv-MCl vs.
combination, **p = 1.61 x 107%) and signifi-
cantly less time in the corner zones (scFv-
MC1 vs. sham, ***p = 5.18 X 10~% scFv-MC1
vs. scFvPHFL, **p = 1.42 x 1077 scFv-MCl
vs. combination, **p = 1.07 x 10~*). No signif-
icant benefit of scFv-MC1, scFv-PHF1 or their
combination was found on cognitive measures,
but we observed a trend toward a benefit with
scFv-MCI1 alone on the object-place memory
task (data not shown).*®

scFvMC1 treatment alters brain glucose
metabolism

Fluorine-18 fluorodeoxyglucose positron emis-
sion tomography (‘*F-FDG-PET) reflects the
rate of cerebral glucose metabolism which is
mainly determined by synaptic activity.*’
We first compared 5.5-month-old C57BL6
with age-matched P301S animals
(Figure S6), detecting reduced cerebral glucose

mice

metabolism in the lateral entorhinal cortex (**p < 0.01), presubicu-
lum (**p < 0.01), piriform cortex (p = 0.0587, ns), and lateral striatum
(**p < 0.01) in the tau transgenic mice (analysis run at p < 0.05),
consistent with the neuronal pathology present in this animal model.
Given the beneficial effect of scFvMCl1 in this study, we then assessed
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whether scFvMC1 could affect glucose metabolic uptake in distinct
brain regions, and treated a cohort of P301S mice with AAVI-
scFVMC1 or AAV1-eGFP (sham) (Figure 7; Figure S7). We found
that the scFv treated mice exhibited an increased '®F-FDG uptake
in the dentate gyrus (*p < 0.05), entopenducular nucleus
(*p < 0.05; nonprimate homolog of the globus pallidus internus),
reticular nucleus (*p < 0.05), and periaqueductal gray (*p < 0.05)
when the analysis was run at p < 0.05, while the amygdala showed
significant reduction (***p < 0.001) in glucose metabolism when
the analysis was run at p < 0.01. The p value and cluster cut-off
threshold set spatial extent of activations to clusters containing
greater than 50-100 voxels per cluster, which strengthens statistical
power by reducing over-interpretation of data.

Overall, our data indicate a general amelioration of glucose meta-
bolism in scFv-treated P301S compared with sham-treated mice in
brain regions relevant to spatial memory consolidation,
tion,”>! reward”” and anxiety and fear response.””>

atten-

DISCUSSION

The definitive pathological tau species responsible for neurodegener-
ation in AD and other tauopathies remain elusive. Consequently, it is
also unclear whether targeting a single species or using a combina-
tion approach would be more effective in anti-tau immunotherapies.
In this in vivo study, we used a prevention protocol to compare the
disease-modifying effect of AAV-mediated scFv-PHF1 and scFv-
MCI1 as monotherapy and in combination. To our knowledge, this
is the first preclinical model exploring an anti-tau gene therapy com-
bination approach. Our findings reveal that (1) peripherally injected
AAV-mediated scFv-PHF1 and scFv-MC1 equally reduce soluble tau
in the cortex; (2) scFv-MC1 monotherapy is the only paradigm
improving the motor and behavioral phenotype, demonstrating
high translational relevance for tauopathies; (3) improved perfor-
mance correlates with reduced oligomeric/aggregated and insoluble
tau in the cortex and hippocampus, while cortical soluble tau reduc-
tion alone does not play a significant role; (4) scFvMCl treatment in-
creases glucose metabolism in brain areas involved in learning and
memory consolidation; and (5) the lack of an additive or synergistic
effects in the combination paradigm suggests that targeting both
early and late modifications of tau is not necessarily beneficial,
although other combinations of tau epitopes may enhance efficacy.

When using therapeutic antibodies directed to misfolded proteins like
tau, it is crucial to understand how different aggregated species are
modulated across brain regions. A regional analysis of tau aggregation
states and post-translational modifications provide insight into how
antibodies or their fragments act upon reaching the brain from the pe-
riphery. Figure 8A summarizes the effects of scFv-MC1, scFv-PHFI,
and their combination on misfolded, soluble, and oligomeric tau in
the cortex and hippocampus, two regions relevant to AD. A striking
observation is the difference in soluble tau modulation between the
cortex and hippocampus. While all scFv-injected mice show signifi-
cant reductions in cortical soluble tau, no changes are detected in
the hippocampus. This effect is even more pronounced when
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comparing treated mice to the baseline cohort (Figure 2C): All thera-
peutic groups successfully cleared tau and/or blocked the buildup of
newly phosphorylated species, reaching levels lower or equivalent to
the 2-month-old baseline. Wenger et al.”® previously showed that
P301S mice overexpress tau by 2.4-fold compared with healthy human
controls, with soluble tau levels remaining steady in 2- and 5-month-
old mice. Our data align with this observation, showing that baseline
and sham groups have similar levels of total soluble tau. From this
perspective, our strategy appears to exert a reversion effect in lowering
soluble tau in the cortex across all tested paradigms, suggesting a
possible intracellular activity of the scFv.

As in our previous study,”® we were unable to visualize scFvs in the
brain (data not shown) due to detection sensitivity limits. While
AAV1 has been shown to achieve efficient transduction of neurons
and glia, it does not cross the blood-brain barrier.”””® However,
AAV1 shows high tropism for skeletal muscles, making it well suited
for intramuscular delivery of therapeutics.”” To deepen our analysis,
we compared intra-muscular (i.m.) and intravenous (i.v.) injections,
and used qPCR to try to show the transcription of the delivered
sequence in the muscle, brain as well as other peripheral organs
(Figure S8; Table S1). As expected, we demonstrated high expression
of scFvMC1 transcripts in tibialis following i.m. injection of AAV1-
CMV-chicken beta actin-rabbit beta globin (CAG)-scFvMCl1
compared with i.v. injection, with limited transduction of other pe-
ripheral organs compared with iv. delivery, further supporting its
utility for translational studies. As anticipated, we did not find any
scFvMCI1 transcript in the brain upon i.m. injection, while i.v. injec-
tion showed signal in the cortex. In addition, in a parallel experiment,
we failed to directly detect scFvMC1 in serum (possibly due to mis-
folding/dimerization), but we detected antibodies directed to
scFvMCI and scFvPHF1, 4 weeks post injection, a proxy for the pres-
ence of scFv in blood (Figure S9). In addition, the efficacy at reducing
tau pathology in brain is also a proxy for intact scFvMC1 production
and release into circulation, its ability to cross the blood-brain barrier
and penetrate the brain parenchyma. Thus, all of our data point to-
ward scFvMCI1 target engagement and consequent reduction of path-
ological species of tau in brain.

The mechanism of action for peripherally injected scFvs targeting
brain tau remains unclear. We have previously shown that, upon
intracranial injection of AAV, microglia are involved in clearing
the scFv-tau immunocomplex, despite the lack of an Fc region.*
Additionally, a previous study’ found that anti-tau scFvs co-localize
with intracellular tau in vivo following peripheral injection. A recent
article® reported that scFv-PHF1 might exert its action in vitro by
entering cells and targeting intracellular tau, and we do not exclude
the possibility that scFv-MC1 could act similarly. In our study, we
hypothesize that the dramatic reduction in soluble tau in the cortical
compartment results from scFvs entering neurons, removing intra-
cellular tau, as well as blocking extracellular species from spreading
between neurons. However, despite scFv-PHF1 and combination
therapy significantly lowering soluble tau, this did not directly trans-
late to improved behavioral phenotypes (Figure 6). Furthermore, the
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Figure 7. Regions with increased or decreased '®F-
FDG uptake after scFvMC1 treatment

(A) Coronal view with mediolateral (ML), anterior posterior
(AP), and dorsoventral (DV) coordinates shown with cluster
overlay of statistically significant increase in '®F-FDG
(p < 0.05) comparing scFvMC1 (P301S, n = 7) vs. Sham
mice (P301S, n = 7). Brain regions with increased '®F-FDG
uptake include (Aa) dentate gyrus, (Ab) entopeduncular
nucleus, (Ac) reticular nucleus, and (Ad) periaqueductal
gray. (B) Coronal view of the amygdala with cluster overlay
of statistically significant decrease (o < 0.01) in relative '8F-
FDG uptake comparing scFvMC1 (P301s, n = 7) vs. sham
mice (P301S, n = 7). Significant clusters of activation from
two-sample statistical comparison extracted using
FSLeyes and overlaid onto coronal view mouse brain MRI
template. Paxinos and Franklin anatomical coordinates
shown with color bar representation of '8F-FDG increased
or decreased uptake threshold value.

Data are expressed as the mean +SEM. *p < 0.05,
**p < 0.01, **p < 0.001, two tailed unpaired t test with
Welch'’s correction.
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Figure 8. scFv-MC1 outperforms all other treatment paradigms in reducing MC1 misfolded, soluble, and oligomeric tau in AD relevant regions of cortex and

hippocampus
(A) Overview of misfolded, soluble, and oligomeric tau post treatments of scFv-MC1, scFv-PHF1 and their combination. (B) MC1-misfolded, soluble, and oligomeric tau are all

reduced in the cortex with scFv-MC1 treatment. (C) MC1-misfolded, oligomeric, and insoluble tau undergo reduction in the hippocampus with scFv-MC1 treatment.
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failure to reduce soluble tau in the hippocampus suggests that this
species may be engaged according to a regional tropism. These ob-
servations raise questions about the relevance of decreasing overall
soluble tau levels in tau immunotherapy, at least in mice, and high-
light the importance of the quality and topography of targeted tau
species over the total amount of tau.

To evaluate the potential clinical relevance of our study, we assessed
mice for motor and behavioral performance and found that scFv-
MCI1 outperformed the other treatment paradigms (Figure 6), signif-
icantly improving motor and behavioral phenotypes compared with
the other treatment groups. Goodwin et al.’® have previously
observed that scFv-PHF1 showed some degree of efficacy at delaying
the onset of hindlimb paralysis. To our knowledge, this is the first ev-
idence of a disease-modifying effect generated by an anti-tau scFv in
tau transgenic mice, beyond delaying hindlimbs paralysis.

While it is difficult to establish a relationship between the topograph-
ical removal of tau in the regions described above, motor and behav-
ioral changes, and the FDG changes, we present a paradigm where
scFv-MCI1 treatment is able to alter and normalize the metabolism
of regions involved in memory, attention, fear, and reward. Several
of these regions will not work in isolation, but rather in a network
fashion®®: Amygdala hyperactivation may be related to an anxiety
phenotypesg; in our mice, the reduction of its activation, be it in a
resting state, may underlie an amelioration of such network, and
result in a normalization of their exploratory behavior.

Given its positive outcome on behavioral phenotypes and brain
glucose metabolism, we focused our attention solely on the effect
of scFv-MCl in the cortex and hippocampus (Figures 8B and 8C).
We identified topographical differences in how the reduction of
MC1-misfolded tau correlated with soluble or insoluble levels. In
the cortex, the scFv appeared to target misfolded/soluble/oligomeric
tau concurrently, with no impact on insoluble species (Figure 8B). In
contrast, in the hippocampus, it was directed toward misfolded/olig-
omeric/insoluble species (Figure 8C), with no changes in the overall
tau soluble levels. Thus, it is possible that MCl-misfolded tau is
assembled differently in the cortex and hippocampus of P301S
mice, leading to preferential accumulation of soluble or insoluble ag-
gregates, respectively. This difference may result in distinct tropism
of scFv-MCl in different areas. To summarize this reasoning, scFv-
MC1 might find a more readily available soluble pool of tau in the
cortex (intracellular and extracellular) than in the hippocampus, re-
sulting in an overall reduction of soluble tau. In the hippocampus,
insoluble aggregates of MC1-misfolded tau might be more prevalent
and accessible to the peripherally injected recombinant antibody, re-
sulting in lower levels of the insoluble tau pool.

We initially hypothesized that combining antibody fragments target-
ing early conformational modifications and late phosphorylation epi-
topes of tau could boost the efficacy of our system. As a premise to this
work, we show (Figure 1C) that a combination approach is superior to
single scFv in an in vitro assay, obtaining higher PHF binding. This

in vitro model lacks the complexity of cellularity and has obvious lim-
itations, but such affinity studies are often the mechanistic premises to
in vivo studies. Our current data do not support the assumption that a
combined approach is superior. Despite the dual therapy’s ability to
lower MC1-misfolded and soluble tau in the cortex to a considerable
extent, this paradigm surprisingly led to an increase in total levels of
insoluble tau (>80%) in the cortex. We do not know the reason for this
effect. One could speculate that an excess of scFv binding to insoluble
aggregates or their dimerization results in stabilization of the lesions,
leading to an overall increase in insoluble levels. We did not consider
injecting the two scFvs (MC1 and PHF1) intracranially, as was the
paradigm in our previous publication,’” since a peripheral adminis-
tration would yield more translational appeal. We also do not have
a reason to suspect that a direct brain injection of two scFvs would
result in a different (better) outcome.

Finally, we chose to use both scFvs, MC1 and PHFI, as a simple com-
bination of two scFvs as it would be the fastest and safest way to
approach this paradigm, as opposed to using a bispecific antibody.
The latter option may bring advantages, such as a single injection
and a synergistic effect of the immune response on the same site.
At the same time, a bispecific scFv approach has limitations: a tan-
dem internal ribosome entry site vector would be required to express
two scFvs under the same AAV; a drawback is the reduced expres-
sion level of the downstream gene,”® while at this stage of our inves-
tigation, we wanted to rely on similar level of scFv expression.
Further, the overall size may exceed the packaging capacity of our
vector.”" A similar strategy could be used in the future with nano-
bodies instead of scFv.

To conclude, the present study demonstrates that AAV1-mediated
scFv-MC1 gene therapy holds promise as translational treatment
for AD, and that the concurrent administration of scFvs targeting
early conformational and late phosphorylation changes does not
result in any advantage in preclinical models of anti-tau immuno-
therapy, compared with targeting MC1-misfolded tau alone. It re-
mains to be seen if testing other combinations of scFv and/or intra-
bodies directed to early and late phosphorylations, as well as
scattering treatments over time sequentially could help to maximize
the effect of a dual treatment. We assume to have engaged intracel-
lular tau, given the above discussion and the previous evidence of
scFv intracellular localization. Future studies will be directed to
ameliorate this system by further engineering our scFv, or nanobod-
ies, to also express a transferrin receptor recognition sequence, and
improve blood-brain barrier penetration.

MATERIALS AND METHODS

ScFv-PHF1 design, characterization, and sub-cloning into AAV1
The scFvPHF1 sequence is based on a previous study.’® As previ-
ously published for scEvMC1** (https:/patentimages.storage.
googleapis.com/b4/ce/ec/771£82343b271c/US20200172605A1.pdf),
the light and heavy chain variable domains (Vy; and V1) correspond-
ing with the PHF1 antibody were sequenced using the MCLAB anti-
body service (San Francisco, CA, USA). A 15-amino acid residue
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linker (Gly,Ser); was used to connect the Vi and V. chains. A 5'-ter-
minal signal peptide and 3'-terminal Myc and His6X tags were
added. The scFvPHF1 purification procedure was performed as pre-
viously published.’ Briefly, scFvPHF1 was cloned into the mamma-
lian expression vector pcDNA3.1 (Genewiz, South Plainfield, NJ,
USA). Upon transfection into HEK293T using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA), the scFv was released into the
conditioned medium and affinity-purified using a Ni-Sepharose
High Performance column (GE Healthcare, Port Washington, NY,
USA). The purified scFvPHF1 was analyzed on a Coomassie-stained
SDS-PAGE gel to conform its molecular weight and purity. Trans-
fected cells were lysed using a solution of Tris-buffered saline
(TBS), pH 7.4, containing 10 mM NaF, 1 mM Na;VO,, and 2 mM
EGTA (plus complete Mini protease inhibitor cocktail; Roche, Basel,
Switzerland), with 0.1% SDS added. The lysate underwent three 10-s
cycles of sonication. Samples were run on 4%-20% Criterion Tris-
HCI gels (Bio-Rad Laboratories, Hercules, CA, USA) and electro-
phoretically transferred to a nitrocellulose membrane (Thermo
Fisher Scientific, Waltham, MA, USA). Residual protein-binding
sites were blocked by incubation with 5% non-fat milk in 1x
TBST (1x TBS plus 0.1% Tween 20) for 1 h at room temperature
(RT), followed by overnight incubation at 4°C with primary anti-
bodies diluted in 20% SuperBlock buffer (Thermo Fisher Scientific)
in 1x TBST. Anti-Myc-tag 9B11 (Cell Signaling, Danvers, MA, USA)
was diluted 1:1,000. Appropriate isotype-specific horse radish perox-
idase (HRP)-conjugated secondary antibodies were diluted 1:10,000
in 5% non-fat milk 1x TBST and added for 1 h at RT. Every step was
followed by three to four washes in 1x TBST. Detection was per-
formed using Pierce ECL Western Blotting Substrate (Thermo Fisher
Scientific) and exposed to X-ray films. The parental antibody PHF1
and its recombinant version scFvPHF1 were compared in immuno-
histochemistry (IHC) on mouse brains (see details below). The anti-
gen-binding specificity of scFvPHF1, scFvMCl, and their combina-
tions were tested in parallel using an immunosorbent assay: 96-well
plates were coated overnight with AD-derived PHF-tau.”>* Purified
scFv-MC1, scFvPHF1 and their combination (pre-inoculated at
37°C for 1 h, or not) were diluted in 5% non-fat milk and added
to the wells in serial dilutions. After incubating for 1 h at RT, mouse
anti-Myc-tag-HRP was added (1:1,000 dilution) (Thermo Fisher Sci-
entific). Bio-Rad HRP Substrate Kit (Bio-Rad Laboratories) was used
for detection and plates were read with an Infinite m200 plate reader
(Tecan, San Jose, CA, USA) at 415 nm (Figure S1C). AAV packaging
and purification services were provided by Vector Biolab (Malvern,
PA, USA): scFv-PHF1 was sub-cloned into the AAV1 under the con-
trol of the synthetic strong CAG promoter. The Woodchuck hepati-
tis virus post-transcriptional regulatory element was added to the 5’
end of the Myc and His6X tags to enhance transgene expression.

Tau transgenic mice

All animal husbandry procedures performed were approved by the
Institutional Animal Care and Use Committee. Homozygous
P301S breeders were obtained from Dr. Michel Goedert (Cambridge,
UK).63 These mice, on pure C57BL/6 background, express ON4R hu-
man tau carrying the P301S mutation under the control of the

Molecular Therapy: Methods & Clinical Development

neuron-specific murine Thy-1 promoter. Homozygous P301S
(both females and males) were used to assess tau clearance in the
brain, for motor and behavioral phenotype amelioration. A preven-
tion paradigm assessed the treatment efficacy in the brain and the
behavioral phenotype, in which injections were performed at
2 months of age, with sacrifice 4 months later. The following mice
were included: (1) sham group injected with eGFP (n = 17 mice, 8
females and 9 males), (2) scFvPHF1 monotherapy group (n = 14
mice, 7 females and 7 males), (3) scFvMC1 monotherapy group
(n = 15 mice, 6 females and 9 males), and (4) combination
scFvMC1/scFvPHF1 group (n = 21 mice, 8 females and 13 males).
A baseline cohort sacrificed at 2 months of age was also added to
this study (n = 10, 5 females and 5 males). A small cohort of homo-
zygous P301S mice was treated following the prevention paradigm
described above; this group was used to pool the two hippocampi
from each mouse and generate insoluble tau preparation (sham
group: 6 mice; scFvMC1 monotherapy group: 7 mice). Mice were
used to image '*F-FDG uptake using the Siemens Inveon positron
emission tomograph (MicroPET) system: (1) preliminary baseline
study included 5.5-month-old C57BL/6 mice (n = 6, 4 females and
2 males) and P301S (n = 7, 4 females and 3 males) and (2) prelimi-
nary efficacy study included 5.5-month-old P301S mice injected
with AAV1-CAG-eGFP (n = 7, 4 females and 3 males) or AAV1-
CAG-scFYMCI1 (n = 7, 4 females and 3 males).

i.m. injections

AAV1-CAG-scFvMCl1, AAV1-CAG-scFvPHFI1, and AAVI1-CAG-
eGFP (sham group) were each injected at a dose of 2 x 10'" GC
per mouse. Each AAV was diluted in PBS to a final volume of
50 pL. Following a monotherapy paradigm a one-time i.m. injection
was administrated in the right tibialis anterior muscle. For combina-
tion therapy, AAV1-CAG-scFvMC1 was injected in the right tibialis
anterior, while AAV1-CAG-scFvPHF1 was administered in the left
tibialis anterior. All injections were performed under isoflurane
anesthesia.

Brain extracts and tissues preparation

Mice were sacrificed by isoflurane overdose, decapitated, and pro-
cessed as described previously.”” The brain was removed and divided
at the midline, with one-half of the brain dissected for biochemical
analysis. The cortex and hippocampus were homogenized separately
using an appropriate volume of homogenizing buffer, consisting of
TBS, pH 7.4, containing 10 mM NaF, 1 mM Na;VO, and 2 mM
EGTA, plus the complete Mini protease inhibitor cocktail (Roche).
Brain homogenate aliquots were stored at —80°C and used for sepa-
rate measurement of total protein concentration (DC Protein Assay,
Bio-Rad Laboratories), soluble tau, and insoluble tau. Soluble tau was
measured as a heat-stable preparation and was prepared by adding
5% B-mercaptoethanol and 200 mM NaCl to the brain homogenates.
Samples were heated at 100°C for 10 min and then cooled at 4°C for
30 min. After centrifuging at 14,000xg in a table-top microcentri-
fuge at 4°C for 10 min, supernatants were collected. To obtain insol-
uble tau preparations, homogenates were thawed and centrifuged at
maximum speed for 10 min at 4°C in a tabletop centrifuge. The
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collected supernatants were centrifuged at 200,000 x g for 30 min at
4°C. The resulting pellets were re-suspended in homogenizing buffer
and centrifuged again at 200,000 x g for 30 min at 4°C. The final pel-
lets were re-suspended in 1x sample buffer (5x sample buffer: TBS,
pH 6.8, containing 4% SDS, 2% B-mercaptoethanol, 40% glycerol,
and 0.1% bromophenol blue) and heated at 100°C for 10 min to effi-
ciently dissociate the insoluble tau fraction. Of note, right and left
hippocampi from each mouse were pooled in order to extract insol-
uble tau from this region.

Tau heat stable preparations and tau insoluble preparations were
used to quantify tau levels using the low-tau ELISAs described below.
The same preparations were used to perform immunoblotting to tau
(Supplemental Methods).

Tau ELISA

Levels of total, phosphorylated, and aggregated tau were assessed
using the low-tau ELISA protocol previously published.*** We
coated 96-well plates for 48 h at 4°C with specific purified mono-
clonal tau antibodies (DA31, CP13, PHF1, RZ3, and DAY) at a con-
centration of 6 pg/mL. After washing, plates were blocked for 1 h at
RT using StartingBlock buffer (Thermo Fisher Scientific). Brain
samples and standards were diluted in 20% SuperBlock buffer
(Thermo Fisher Scientific) in 1x TBS and loaded onto the plates.
The total tau detection antibody DA9-HRP, diluted 1:50 in 20%
SuperBlock in 1x TBS, was added to the samples and tapped to
combine. For the aggregated/oligomeric tau ELISA using DA9
both as capture and detection antibody, the DA9-HRP was added
sequentially the following day. To visualize the ELISA, 1-Step
ULTRA TMB-ELISA (Thermo Fisher Scientific) was added for
30 min at RT, followed by addition of 2 N H,SO, to stop the reac-
tion. Plates were read with Infinite m200 plate reader (Tecan) at
450 nm.

IHC

Tau staining was performed according to standardized proto-
cols.”>** After decapitation, one hemisphere was fixed overnight in
4% paraformaldehyde at 4°C. Using a vibratome, serial sections
were cut and stained as free-floating in 24-well plates using a panel
of tau antibodies. To control for potential scFvMCI1 antigen-mask-
ing, antigen retrieval was performed using 1x Dako Target Retrieval
solution (Agilent Dako, Santa Clara, CA, USA) in distilled water/
0.5% Triton, at 95°C-99°C for 5 min. After washing, endogenous
peroxidases were quenched with 3% H,0,/0.25% Triton X-100/1x
TBS for 30 min. Non-specific binding was blocked with 5% non-
fat milk-1x TBS for 1 h at RT. Primary anti-tau antibodies were
diluted, MC1 (1:500) and PHF1 (1:5,000), in 5% non-fat milk-1x
TBS, and incubated overnight at 4°C with shaking. Biotin-conju-
gated secondary antibodies (SouthernBiotech, Birmingham, AL,
USA) directed against the specific isotypes were diluted 1:1,000 in
20% SuperBlock, incubated for 2 h at RT, and followed by
Streptavidin-HRP (SouthernBiotech) incubation for 1 h. Staining
was visualized using 3,3’-diaminobenzidine (Sigma-Aldrich, St.
Louis, MO, USA). For immuno-staining using purified scFv-PHF1

(1:1,000), an anti-Myc-Tag mouse mAb (clone 9BI11) (Cell
Signaling) was used, followed by the specific biotin-conjugated sec-
ondary antibody (immunoglobulin G2a). All other steps in the pro-
tocol remained the same. Images were acquired using Olympus BH-2
bright field microscope, analyzed and processed using Image]J/Fiji
software (NIH, Bethesda, MD, USA). Semi-quantification was per-
formed on frontal cortex and dentate gyrus (2 non-consecutive sec-
tions per mouse) using the measure particles tool, working with 8-bit
images and adjusting the threshold. A threshold of 0-255 and parti-
cle size of 150-infinity was applied to all cortical and dentate gyrus
images for consistency.

Hind-limbs clasping scale

Hind-limb reflex is a functional motor test used to quantify deficits in
corticospinal function. Limb clasping is observed in several trans-
genic tau mouse models®>* *® and recapitulates some of the func-
tional motor deficits observed in late-stage AD patients. Suspension
of mice by the tail normally triggers an escape response (score = 0).
Deficits in the ability to display the described extension are scored
based on their severity on a clasping scale (from 0 to 5). When sus-
pended by the tail, an animal with a partial limb extension reflex will
start reducing its hind-limbs’ extension gradually, progressing from
a score of 1-5, where a complete absence of extension reflex in both
hind-limbs is observed and paresis occurs shortly thereafter. Mice
were monitored weekly for clasping. At sacrifice, mice were scored
to assess the efficacy of scFv treatments.

Open-field task

All mice used for behavioral assays were housed under a reversed dark
(9:00-21:00) and light (21:00-9:00) cycle, with ad libitum access to food
and water. We assessed four different treatment groups: sham,
scFvPHF1, scFvMCl, and combination scFvMC1/PHF1. Mice were
studied at 16 and 23 weeks of age. All manipulations were conducted
during the dark phase, at least 1 h after turning lights off, and male
and female mice were assessed on different days. Prior to behavioral as-
sessments, mice were handled three times, for 15 min each, on separate
days. The open-field task® was used to examine locomotor activity,
and anxiety-like behavior by placing the mice in the center of a square
arena (40 x 40 cm?) with gray walls (35 cm high) and allowing them to
freely explore the chamber during a 10-min session. The sessions were
recorded with a centrally placed video camera directly above the arena
which fed the signal to the tracking software (EthoVision XT, version
15, Noldus, Attleboro, MA, USA) used for automated analysis of ani-
mal behaviors including distance traveled, velocity, time spent moving,
mobility (a measurement of how much an animal moves around,
calculated by analyzing the change in its body area between successive
frames of a video), time spent in the center of the arena
(18.9 x 189 cm?®) and the four corners of the arena. Experiments
were conducted and analyzed according to randomly assigned cage
numbers, which did not indicate the scFv exposure.

Rotarod task
This task measured motor coordination and balance® by placing
16-week-old mice on a five-lane rotating drum (ENV-574M, Med
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Associates Inc, St. George, VT, USA), which accelerated from 4 to
40 rpm over a course of 5 min. The riding time until each mouse
fell off the drum was recorded. The test was repeated five times for
each mouse during 5 consecutive days (one trial per day). The
room was illuminated with low-level orange lights.

'8F_-FDG-PET and imaging reconstruction

Imaging was performed using the MicroPET system. The radiotracer
'E-FDG is synthesized onsite at the PET imaging facility at the Fein-
stein Institutes and delivered directly into the microPET suite. All
animals were fasted overnight (8-12 h) prior to PET imaging to sta-
bilize blood glucose levels. On imaging day, mice were acclimated for
one hour upon arrival to the imaging suite. Two mice were simulta-
neously anesthetized with induction at 2%-2.5% isoflurane mixed in
oxygen and maintained at 1.5%-2.0% with custom nose cone allow-
ing for head-to-head configuration. After confirming depth of anes-
thesia, approximately 0.5 mCi of '*F-FDG (in 0.3 mL) was injected
intraperitoneally with 35-40 min allowed for uptake of the tracer fol-
lowed by a 10-min static scan.

Brain images were acquired as 600 s static emission with trans-
mission attenuation correction (given that the animals were
immobile on the gantry over the course of imaging acquisition).
Reconstruction was completed using Inveon Acquisition work-
flow (Siemens AW 1.5) with three-dimensional ordered subsets-
expectation maximization-maximum a posteriori reconstruction,
(OSEM3D-MAP, 20 iterations) at a target resolution of
1.5mm. After reconstruction, the raw images (final matrix of
128 x 128 x 159 mm with pixel size of 0.78 x 0.78 x 0.8 mm)
were pre-processed using Pixel-Wise Modeling software (PMOD
4.0) in the following way: raw images were bounding box aligned
to an anatomical template, skull stripped, and dose and weight
corrected. '*FDG scans from each animal were registered to an
BEDG template and then to a C57/BL6J magnetic resonance im-
aging (MRI) template,”’ both of which were aligned within Paxi-
nos and Franklin anatomical space.

The template-aligned '*FDG scans were then applied to C57/BL6]
MRI template for rigid transformation using statistical parametric
mapping (SPM5) with SPMmouse toolbox within MATLAB. Images
were smoothed with an isotropic Gaussian kernel FWHM (full width
at half maximum) 0.2 mm at all directions. Group statistical differ-
ences were considered significant at a voxel-level threshold of
P <0.05 and a cluster cutoff between 50 and 400 voxels for increases
and decreases.

To identify brain regions in anatomical space with significant differ-
ences between mice groups (C57BL/6 vs. P301S, sham vs. scFvMCl1),
we performed whole brain voxel-wise search, two sample pairings
using SPMmouse software within MATLAB computing environ-
ment (The Wellcome Center for Human Neuroimaging, UCL Queen
Square Institute of Neurology, London, UK, https://www.fil.ion.ucl.
ac.uk/spm/ext/#SPMMouse). SPM parameters for alignment and
anatomical registration to mean were as follows: quality: 0.9, separa-
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tion: 0.33, smoothing 0.2 in all directions, no wrap, masked using
MRI mouse template in Paxinos and Franklin coordinates. Statisti-
cally significant cluster extraction using FSLeyes (University of Ox-
ford, Oxford, UK, https://fsl.fmrib.ox.ac.uk/fsl/docs/#/utilities/
fsleyes).

Statistical analysis

Quantitative and semi-quantitative data (tau ELISAs, IHC) were
analyzed using the dedicated software GraphPad Prism V.10
(GraphPad software). Ordinary one-way ANOV A with Tukey’s mul-
tiple comparison test was performed when the parametric assump-
tion of normality (D’Agostino-Pearson omnibus test) was accom-
plished. When not, non-parametric Kruskal-Wallis test with
Dunn’s correction was run instead. For behavioral assays (rotarod,
open-field task), we used two-way RMANOVA, with treatment
and individual trials as factors, followed by the Tukey post hoc test.
Statistical significance was set at p < 0.05. Error bars represent the
SEM. Two tailed unpaired t test with Welch’s correction was used
for "*F-FDG-PET analysis.

DATA AVAILABILITY

The datasets used and/or analyzed during the current study are available from the cor-
responding author upon reasonable request.

ACKNOWLEDGMENTS

This work was supported by funding from the National Institutes of Health, the National
Institute on Aging grant 5SR01AG061381 (to C.D.), and The Peter & Jeri Dejana Foun-
dation Fund for Neurodegenerative Diseases at Northwell Health (to L.G. and C.D.).
Further funding was provided by the Canadian Institutes of Health Research
FRN168906 and FRN166184 (to I.A., C.D., and L.M.V.), as well as by the National In-
stitutes of Health grant 5P01AI102852 (to P.H.) and NIH grant 5P01AI1073693 (to P.
H.), the Department of Defense impact award W81XWH1910759 (to P.H.). The authors
would like to recognize the late Dr. Peter Davies for the anti-tau hybridoma available at
the Feinstein Institutes for Medical Research. We thank the Feinstein Institute’s
Cyclotron/Radiochemistry Department, Dr. Tom Chaly, Prasad Majji, Matthew Hell-
man, and the CCP for assistance with cannulation from Francisco Colon and Meaghan
Bragg.

AUTHOR CONTRIBUTIONS

S.K. performed experiments, analyzed data and helped preparing the manuscript; J.C.
performed experiments, analyzed data; V.V. performed experiments and edited the
manuscript; L.M.V. performed experiments and analyzed data; ].D.C .performed exper-
iments; J.C. performed microPET, analyzed data, and helped preparing the manuscript;
L.M. helped analyze microPET data; P.H. performed rotarod and open field tasks, inter-
preted data, prepared figures, and helped preparing the manuscript; L.A. interpreted
data; P.M. interpreted experiments and edited the manuscript; L.G. interpreted experi-
ments and prepared the manuscript; C.D. designed the overall project, performed exper-
iments, analyzed data, interpreted results and prepared the manuscript. All authors read
and approved the final manuscript.

DECLARATION OF INTERESTS

The authors declare no conflict of interest.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.omtm.2025.
101563.

REFERENCES

1. Nelson, P.T., Alafuzoff, L, Bigio, E.H., Bouras, C., Braak, H., Cairns, N.J., Castellani,
R.J., Crain, B.J., Davies, P., Del Tredici, K., et al. (2012). Correlation of Alzheimer

16 Molecular Therapy: Methods & Clinical Development Vol. 33 September 2025


https://www.fil.ion.ucl.ac.uk/spm/ext/
https://www.fil.ion.ucl.ac.uk/spm/ext/
https://fsl.fmrib.ox.ac.uk/fsl/docs/
https://fsl.fmrib.ox.ac.uk/fsl/docs/
https://doi.org/10.1016/j.omtm.2025.101563
https://doi.org/10.1016/j.omtm.2025.101563

www.moleculartherapy.org

[

5

(=2}

~

©

o

. DeVos,

Disease Neuropathologic Changes With Cognitive Status: A Review of the
Literature. J. Neuropathol. Exp. Neurol. 71, 362-381. https://doi.org/10.1097/
NEN.0b013e31825018f7.

. Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related

changes. Acta Neuropathol. 82, 239-259. https://doi.org/10.1007/BF00308809.

. Braak, H., and Braak, E. (1995). Staging of alzheimer’s disease-related neurofibrillary

changes. Neurobiol. Aging 16, 271-284. https://doi.org/10.1016/0197-4580(95)
00021-6.

. Braak, H., and Braak, E. (1997). Diagnostic Criteria for Neuropathologic Assessment

of Alzheimer’s Disease. Neurobiol. Aging 18, S85-S88. https://doi.org/10.1016/
S0197-4580(97)00062-6.

. Bennett, D.A., Schneider, J.A., Wilson, R.S., Bienias, J.L., and Arnold, S.E. (2004).

Neurofibrillary Tangles Mediate the Association of Amyloid Load With Clinical
Alzheimer Disease and Level of Cognitive Function. Arch. Neurol. 61, 378-384.
https://doi.org/10.1001/archneur.61.3.378.

. Goedert, M. (2005). Tau gene mutations and their effects. Mov. Disord. 20, $45-S52.

https://doi.org/10.1002/mds.20539.

. Goedert, M., and Spillantini, M.G. (2000). Tau mutations in frontotemporal demen-

tia FTDP-17 and their relevance for Alzheimer’s disease. Biochim. Biophys. Acta
1502, 110-121. https://doi.org/10.1016/S0925-4439(00)00037-5.

. Hutton, M., Lendon, C.L., Rizzu, P., Baker, M., Froelich, S., Houlden, H., Pickering-

Brown, S., Chakraverty, S., Isaacs, A., Grover, A,, et al. (1998). Association of
missense and 5'-splice-site mutations in tau with the inherited dementia FTDP-
17. Nature 393, 702-705. https://doi.org/10.1038/31508.

. Congdon, E.E,, Ji, C., Tetlow, A.M,, Jiang, Y., and Sigurdsson, E.M. (2023). Tau-tar-

geting therapies for Alzheimer disease: current status and future directions. Nat. Rev.
Neurol. 19, 715-736. https://doi.org/10.1038/s41582-023-00883-2.

. Congdon, E.E., and Sigurdsson, E.M. (2018). Tau-targeting therapies for Alzheimer

disease. Nat. Rev. Neurol. 14, 399-415. https://doi.org/10.1038/541582-018-0013-z.

. Congdon, E.E,, Jiang, Y., and Sigurdsson, E.M. (2022). Targeting tau only extra-

cellularly is likely to be less efficacious than targeting it both intra- and extra-
cellularly. Semin. Cell Dev. Biol. 126, 125-137. https://doi.org/10.1016/j.semcdb.
2021.12.002.

S.L., Miller, RL., Schoch, KM., Holmes, B.B., Kebodeaux, C.S.,
Wegener, A.J.,, Chen, G., Shen, T., Tran, H., Nichols, B., et al. (2017). Tau
reduction prevents neuronal loss and reverses pathological tau deposition and
seeding in mice with tauopathy. Sci. Transl. Med. 9, eaag0481. https://doi.org/
10.1126/scitranslmed.aag0481.

. Mummery, C.J., Bérjesson-Hanson, A., Blackburn, D.J., Vijverberg, E.G.B., De

Deyn, P.P., Ducharme, S., Jonsson, M., Schneider, A., Rinne, J.O., Ludolph, A.
C., et al. (2023). Tau-targeting antisense oligonucleotide MAPTRx in mild
Alzheimer’s disease: a phase 1b, randomized, placebo-controlled trial. Nat.
Med. 29, 1437-1447. https://doi.org/10.1038/s41591-023-02326-3.

. van Dyck, C.H., Swanson, C.J., Aisen, P., Bateman, R.J.,, Chen, C., Gee, M.,

Kanekiyo, M., Li, D., Reyderman, L., Cohen, S., et al. (2023). Lecanemab in
Early Alzheimer’s Disease. N. Engl. J. Med. 388, 9-21. https://doi.org/10.1056/
NEJMo0a2212948.

. Cummings, J., Apostolova, L., Rabinovici, G.D., Atri, A., Aisen, P., Greenberg, S.,

Hendrix, S., Selkoe, D., Weiner, M., Petersen, R.C., and Salloway, S. (2023).
Lecanemab: Appropriate Use Recommendations. J. Prev. Alzheimers Dis. 10,
362-377. https://doi.org/10.14283/jpad.2023.30.

. Cummings, J.L., Gonzalez, M.L, Pritchard, M.C., May, P.C., Toledo-Sherman, L.M.,

and Harris, G.A. (2023). The therapeutic landscape of tauopathies: challenges and
prospects. Alzheimers Res. Ther. 15, 168. https://doi.org/10.1186/s13195-023-
01321-7.

. Pardridge, W.M. (2012). Drug Transport across the Blood-Brain Barrier. J. Cereb.

Blood Flow Metab. 32, 1959-1972. https://doi.org/10.1038/jcbfm.2012.126.

. Pardridge, W.M. (2009). Alzheimer’s disease drug development and the problem of

the blood-brain barrier. Alzheimer’s Dement. 5, 427-432. https://doi.org/10.1016/j.
jalz.2009.06.003.

. Dam, T., Boxer, A.L., Golbe, L.I, Hoglinger, G.U., Morris, H.R,, Litvan, I, Lang, A.

E., Corvol, J.-C., Aiba, I, Grundman, M., et al. (2021). Safety and efficacy of anti-tau

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

monoclonal antibody gosuranemab in progressive supranuclear palsy: a phase 2,
randomized, placebo-controlled trial. Nat. Med. 27, 1451-1457. https://doi.org/10.
1038/541591-021-01455-x.

Sigurdsson, E.M. (2019). Alzheimer’s therapy development: A few points to
consider. Prog. Mol. Biol. Transl. Sci. 168, 205-217. https://doi.org/10.1016/bs.
pmbts.2019.06.001.

Bespalov, A., Courade, J.-P., Khiroug, L., Terstappen, G.C., and Wang, Y. (2022). A
call for better understanding of target engagement in Tau antibody development.
Drug Discov. Today 27, 103338. https://doi.org/10.1016/j.drudis.2022.103338.

d’Abramo, C., Acker, C.M., Jimenez, H.T., and Davies, P. (2013). Tau Passive
Immunotherapy in Mutant P301L Mice: Antibody Affinity versus Specificity.
PLoS One 8, €62402. https://doi.org/10.1371/journal.pone.0062402.

Jicha, G.A., Bowser, R., Kazam, I.G., and Davies, P. (1997). Alz-50 and MC-1, a new
monoclonal antibody raised to paired helical filaments, recognize conformational
epitopes on recombinant tau. J. Neurosci. Res. 48, 128-132. https://doi.org/10.
1002/(SICI)1097-4547(19970415)48:2<128::AID-JNR5>3.0.CO;2-E.

Asuni, A.A., Boutajangout, A., Quartermain, D., and Sigurdsson, E.M. (2007).
Immunotherapy Targeting Pathological Tau Conformers in a Tangle Mouse
Model Reduces Brain Pathology with Associated Functional Improvements.
J. Neurosci. 27, 9115-9129. https://doi.org/10.1523/J]NEUROSCI.2361-07.2007.

Congdon, E.E., Gu, ], Sait, H.B.R., and Sigurdsson, E.M. (2013). Antibody Uptake
into Neurons Occurs Primarily via Clathrin-dependent Fcy Receptor Endocytosis
and Is a Prerequisite for Acute Tau Protein Clearance. J. Biol. Chem. 288, 35452
35465. https://doi.org/10.1074/jbc.M113.491001.

Gu, J., Congdon, E.E,, and Sigurdsson, E.M. (2013). Two Novel Tau Antibodies
Targeting the 396/404 Region Are Primarily Taken Up by Neurons and Reduce
Tau Protein Pathology. J. Biol. Chem. 288, 33081-33095. https://doi.org/10.1074/
jbc.M113.494922.

Jiang, Y., Lin, Y., Tetlow, A.M., Pan, R, Ji, C., Kong, X.-P., Congdon, E.E., and
Sigurdsson, E.M. (2024). Single-domain antibody-based protein degrader for synu-
cleinopathies. Mol. Neurodegener. 19, 44. https://doi.org/10.1186/s13024-024-
00730-y.

Li, T., Vandesquille, M., Koukouli, F., Dudeffant, C., Youssef, I., Lenormand, P.,
Ganneau, C., Maskos, U., Czech, C., Grueninger, F., et al. (2016). Camelid single-
domain antibodies: A versatile tool for in vivo imaging of extracellular and intracel-
lular brain targets. J. Control. Release 243, 1-10. https://doi.org/10.1016/j.jconrel.
2016.09.019.

Manoutcharian, K., and Gevorkian, G. (2024). Recombinant Antibody Fragments
for Neurological Disorders: An Update. Curr. Neuropharmacol. 22, 2157-2167.
https://doi.org/10.2174/1570159X21666230830142554.

Krishnaswamy, S., Lin, Y., Rajamohamedsait, W.J., Rajamohamedsait, H.B.,
Krishnamurthy, P., and Sigurdsson, E.M. (2014). Antibody-Derived In Vivo
Imaging of Tau Pathology. J. Neurosci. 34, 16835-16850. https://doi.org/10.1523/
JNEUROSCI.2755-14.2014.

Jiang, Y., Lin, Y., Krishnaswamy, S., Pan, R., Wu, Q., Sandusky-Beltran, L.A., Liu, M.,
Kuo, M.-H., Kong, X.-P., Congdon, E.E., and Sigurdsson, E.M. (2023). Single-
domain antibody-based noninvasive in vivo imaging of a-synuclein or tau pathol-
ogy. Sci. Adv. 9, eadf3775. https://doi.org/10.1126/sciadv.adf3775.

Vitale, F., Giliberto, L., Ruiz, S., Steslow, K., Marambaud, P., and d’Abramo, C.
(2018). Anti-tau conformational scFv MC1 antibody efficiently reduces pathological
tau species in adult JNPL3 mice. Acta Neuropathol. Commun. 6, 82. https://doi.org/
10.1186/540478-018-0585-2.

Vitale, F., Ortolan, J., Volpe, B.T., Marambaud, P., Giliberto, L., and d’Abramo, C.
(2020). Intramuscular injection of vectorized-scFvMC1 reduces pathological tau
in two different tau transgenic models. Acta Neuropathol. Commun. 8, 126.
https://doi.org/10.1186/540478-020-01003-7.

Ising, C., Gallardo, G., Leyns, C.E.G., Wong, C.H., Jiang, H., Stewart, F., Koscal, L.J.,
Roh, J., Robinson, G.O., Serrano, J.R., and Holtzman, D.M. (2017). Correction:
AAV-mediated expression of anti-tau scFvs decreases tau accumulation in a mouse
model of tauopathy. J. Exp. Med. 214, 2163. https://doi.org/10.1084/jem.
2016212505192017c.

Liu, W., Zhao, L., Blackman, B., Parmar, M., Wong, M.Y,, Woo, T., Yu, F,
Chiuchiolo, M.J., Sondhi, D., Kaminsky, S.M., et al. (2016). Vectored Intracerebral

Molecular Therapy: Methods & Clinical Development Vol. 33 September 2025 17


https://doi.org/10.1097/NEN.0b013e31825018f7
https://doi.org/10.1097/NEN.0b013e31825018f7
https://doi.org/10.1007/BF00308809
https://doi.org/10.1016/0197-4580(95)00021-6
https://doi.org/10.1016/0197-4580(95)00021-6
https://doi.org/10.1016/S0197-4580(97)00062-6
https://doi.org/10.1016/S0197-4580(97)00062-6
https://doi.org/10.1001/archneur.61.3.378
https://doi.org/10.1002/mds.20539
https://doi.org/10.1016/S0925-4439(00)00037-5
https://doi.org/10.1038/31508
https://doi.org/10.1038/s41582-023-00883-2
https://doi.org/10.1038/s41582-018-0013-z
https://doi.org/10.1016/j.semcdb.2021.12.002
https://doi.org/10.1016/j.semcdb.2021.12.002
https://doi.org/10.1126/scitranslmed.aag0481
https://doi.org/10.1126/scitranslmed.aag0481
https://doi.org/10.1038/s41591-023-02326-3
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.14283/jpad.2023.30
https://doi.org/10.1186/s13195-023-01321-7
https://doi.org/10.1186/s13195-023-01321-7
https://doi.org/10.1038/jcbfm.2012.126
https://doi.org/10.1016/j.jalz.2009.06.003
https://doi.org/10.1016/j.jalz.2009.06.003
https://doi.org/10.1038/s41591-021-01455-x
https://doi.org/10.1038/s41591-021-01455-x
https://doi.org/10.1016/bs.pmbts.2019.06.001
https://doi.org/10.1016/bs.pmbts.2019.06.001
https://doi.org/10.1016/j.drudis.2022.103338
https://doi.org/10.1371/journal.pone.0062402
https://doi.org/10.1002/(SICI)1097-4547(19970415)48:2&lt;128::AID-JNR5&gt;3.0.CO;2-E
https://doi.org/10.1002/(SICI)1097-4547(19970415)48:2&lt;128::AID-JNR5&gt;3.0.CO;2-E
https://doi.org/10.1523/JNEUROSCI.2361-07.2007
https://doi.org/10.1074/jbc.M113.491001
https://doi.org/10.1074/jbc.M113.494922
https://doi.org/10.1074/jbc.M113.494922
https://doi.org/10.1186/s13024-024-00730-y
https://doi.org/10.1186/s13024-024-00730-y
https://doi.org/10.1016/j.jconrel.2016.09.019
https://doi.org/10.1016/j.jconrel.2016.09.019
https://doi.org/10.2174/1570159X21666230830142554
https://doi.org/10.1523/JNEUROSCI.2755-14.2014
https://doi.org/10.1523/JNEUROSCI.2755-14.2014
https://doi.org/10.1126/sciadv.adf3775
https://doi.org/10.1186/s40478-018-0585-2
https://doi.org/10.1186/s40478-018-0585-2
https://doi.org/10.1186/s40478-020-01003-7
https://doi.org/10.1084/jem.2016212505192017c
https://doi.org/10.1084/jem.2016212505192017c

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Immunization with the Anti-Tau Monoclonal Antibody PHF1 Markedly Reduces
Tau Pathology in Mutant Tau Transgenic Mice. J. Neurosci. 36, 12425-12435.
https://doi.org/10.1523/JNEUROSCI.2016-16.2016.

Gallardo, G., Wong, C.H., Ricardez, S.M., Mann, C.N,, Lin, K.H., Leyns, C.E.G,,
Jiang, H., and Holtzman, D.M. (2019). Targeting tauopathy with engineered tau-de-
grading intrabodies. Mol. Neurodegener. 14, 38. https://doi.org/10.1186/s13024-
019-0340-6.

Danis, C., Dupré, E., Zejneli, O., Caillierez, R., Arrial, A., Bégard, S., Mortelecque, J.,
Eddarkaoui, S., Loyens, A., Cantrelle, F.-X,, et al. (2022). Inhibition of Tau seeding by
targeting Tau nucleation core within neurons with a single domain antibody frag-
ment. Mol. Ther. 30, 1484-1499. https://doi.org/10.1016/j.ymthe.2022.01.009.

Goodwin, M.S,, Sinyavskaya, O., Burg, F., O’Neal, V., Ceballos-Diaz, C., Cruz, P.E,,
Lewis, J., Giasson, B.1,, Davies, P., Golde, T.E., and Levites, Y. (2021). Anti-tau scFvs
Targeted to the Cytoplasm or Secretory Pathway Variably Modify Pathology and
Neurodegenerative Phenotypes. Mol. Ther. 29, 859-872. https://doi.org/10.1016/j.
ymthe.2020.10.007.

Krishnaswamy, S., Huang, H.-W., Marchal, LS., Ryoo, H.D., and Sigurdsson, E.M.
(2020). Neuronally expressed anti-tau scFv prevents tauopathy-induced phenotypes
in Drosophila models. Neurobiol. Dis. 137, 104770. https://doi.org/10.1016/j.nbd.
2020.104770.

Rodrigues Martins, D., Sha, F., Van der Elst, W., Shih, P.-Y., Devoght, J., Van Kolen,
K., Mercken, M., Van Broeck, B., Declerck, P., and Theunis, C. (2023). Anti-tau in-
trabodies: From anti-tau immunoglobulins to the development of functional scFv
intrabodies. Mol. Ther. Methods Clin. Dev. 31, 101158. https://doi.org/10.1016/j.
omtm.2023.101158.

Zhang, Y., Qian, L., Kuang, Y., Liu, J., Wang, D., Xie, W., Zhang, L., and Fu, L.
(2022). An adeno-associated virus-mediated immunotherapy for Alzheimer’s dis-
ease. Mol. Immunol. 144, 26-34. https://doi.org/10.1016/j.molimm.2022.02.006.

Spencer, B., Briischweiler, S., Sealey-Cardona, M., Rockenstein, E., Adame, A.,
Florio, J., Mante, M., Trinh, 1., Rissman, R.A., Konrat, R., and Masliah, E. (2018).
Selective targeting of 3 repeat Tau with brain penetrating single chain antibodies
for the treatment of neurodegenerative disorders. Acta Neuropathol. 136, 69-87.
https://doi.org/10.1007/s00401-018-1869-0.

Chai, X., Wu, S., Murray, T.K,, Kinley, R,, Cella, C.V., Sims, H., Buckner, N,
Hanmer, J., Davies, P., O’Neill, M.]., et al. (2011). Passive Immunization with
Anti-Tau Antibodies in Two Transgenic Models. J. Biol. Chem. 286, 34457-
34467. https://doi.org/10.1074/jbc.M111.229633.

Boutajangout, A., Ingadottir, J., Davies, P., and Sigurdsson, E.M. (2011). Passive im-
munization targeting pathological phospho-tau protein in a mouse model reduces
functional decline and clears tau aggregates from the brain. J. Neurochem. 118,
658-667. https://doi.org/10.1111/.1471-4159.2011.07337.x.

Acker, C.M., Forest, S.K., Zinkowski, R., Davies, P., and d’Abramo, C. (2013).
Sensitive quantitative assays for tau and phospho-tau in transgenic mouse models.
Neurobiol. Aging 34, 338-350. https://doi.org/10.1016/j.neurobiolaging.2012.
05.010.

Borzello, M., Ramirez, S., Treves, A., Lee, 1., Scharfman, H., Stark, C., Knierim, J.]J.,
and Rangel, L.M. (2023). Assessments of dentate gyrus function: discoveries and de-
bates. Nat. Rev. Neurosci. 24, 502-517. https://doi.org/10.1038/s41583-023-00710-z.

Pléau, C., Peret, A., Pearlstein, E., Scalfati, T., Vigier, A., Marti, G., Michel, F.J.,
Marissal, T., and Crépel, V. (2021). Dentate Granule Cells Recruited in the Home
Environment Display Distinctive Properties. Front. Cell. Neurosci. 14, 609123.
https://doi.org/10.3389/fncel.2020.609123.

Faust, T.W., Robbiati, S., Huerta, T.S., and Huerta, P.T. (2013). Dynamic NMDAR-
mediated properties of place cells during the object place memory task. Front. Behav.
Neurosci. 7, 202. https://doi.org/10.3389/fnbeh.2013.00202.

Bouter, C., and Bouter, Y. (2019). 18F-FDG-PET in Mouse Models of Alzheimer’s
Disease. Front. Med. 6, 71. https://doi.org/10.3389/fmed.2019.00071.

Wells, M.F., Wimmer, R.D., Schmitt, L.I., Feng, G., and Halassa, M.M. (2016).
Thalamic reticular impairment underlies attention deficit in Ptchd1Y/— mice.
Nature 532, 58-63. https://doi.org/10.1038/nature17427.

51.

52.

53.

54

55.

56.

57.

58.

59.

60.

6

—

62.

63.

64.

65.

66.

67.

Molecular Therapy: Methods & Clinical Development

Wang, F., Sun, H., Chen, M., Feng, B,, Lu, Y., Lyu, M., Cui, D., Zhai, Y., Zhang, Y.,
Zhu, Y., et al. (2024). The thalamic reticular nucleus orchestrates social memory.
Neuron 112, 2368-2385.e11. https://doi.org/10.1016/j.neuron.2024.04.013.

Minte, T.F., Marco-Pallares, J., Bolat, S., Heldmann, M., Liitjens, G., Nager, W.,
Miiller-Vahl, K., and Krauss, J.K. (2017). The human globus pallidus internus is sen-
sitive to rewards - Evidence from intracerebral recordings. Brain Stimul. I0,
657-663. https://doi.org/10.1016/j.brs.2017.01.004.

Williams, L.M. (2016). Precision psychiatry: a neural circuit taxonomy for depres-
sion and anxiety. Lancet Psychiatry 3, 472-480. https://doi.org/10.1016/S2215-
0366(15)00579-9.

. Mulders, P.C., van Eijndhoven, P.F., Schene, A.H., Beckmann, C.F., and Tendolkar,

1. (2015). Resting-state functional connectivity in major depressive disorder: A re-
view. Neurosci. Biobehav. Rev. 56, 330-344. https://doi.org/10.1016/j.neubiorev.
2015.07.014.

Watson, T.C., Cerminara, N.L., Lumb, B.M., and Apps, R. (2016). Neural Correlates
of Fear in the Periaqueductal Gray. J. Neurosci. 36, 12707-12719. https://doi.org/10.
1523/JNEUROSCI.1100-16.2016.

Wenger, K., Viode, A., Schlaffner, C.N., van Zalm, P., Cheng, L., Dellovade, T.,
Langlois, X., Bannon, A., Chang, R., Connors, T.R,, et al. (2023). Common mouse
models of tauopathy reflect early but not late human disease. Mol. Neurodegener.
18, 10. https://doi.org/10.1186/s13024-023-00601-y.

Issa, S.S., Shaimardanova, A.A., Solovyeva, V.V, and Rizvanov, A.A. (2023). Various
AAV Serotypes and Their Applications in Gene Therapy: An Overview. Cells 12,
785. https://doi.org/10.3390/cells12050785.

Albright, B.H., Storey, C.M., Murlidharan, G., Castellanos Rivera, R.M., Berry, G.E.,
Madigan, V.J., and Asokan, A. (2018). Mapping the Structural Determinants
Required for AAVrh.10 Transport across the Blood-Brain Barrier. Mol. Ther. 26,
510-523. https://doi.org/10.1016/j.ymthe.2017.10.017.

Ressler, K.J. (2010). Amygdala Activity, Fear, and Anxiety: Modulation by Stress.
Biol. Psychiatry 67, 1117-1119. https://doi.org/10.1016/j.biopsych.2010.04.027.

Zheng, Q., Zhang, X,, Yang, H., Xie, J., Xie, Y., Chen, J., Yu, C., and Zhong, C. (2019).
Internal Ribosome Entry Site Dramatically Reduces Transgene Expression in
Hematopoietic Cells in a Position-Dependent Manner. Viruses 11, 920. https://
doi.org/10.3390/v11100920.

. Chai, Y.-R., Ge, M.-M., Wei, T.-T,, Jia, Y.-L., Guo, X., and Wang, T.-Y. (2018).

Human rhinovirus internal ribosome entry site element enhances transgene expres-
sion in transfected CHO-S cells. Sci. Rep. 8, 6661. https://doi.org/10.1038/s41598-
018-25049-9.

Jicha, G.A., Lane, E., Vincent, L., Otvos, L., Hoffmann, R., and Davies, P. (1997). A
Conformation- and Phosphorylation-Dependent Antibody Recognizing the Paired
Helical Filaments of Alzheimer’s Disease. J. Neurochem. 69, 2087-2095. https://
doi.org/10.1046/j.1471-4159.1997.69052087 .x.

Allen, B., Ingram, E., Takao, M., Smith, M.]J., Jakes, R., Virdee, K., Yoshida, H.,
Holzer, M., Craxton, M., Emson, P.C,, et al. (2002). Abundant Tau Filaments and
Nonapoptotic Neurodegeneration in Transgenic Mice Expressing Human P301S
Tau Protein. J. Neurosci. 22, 9340-9351. https://doi.org/10.1523/JNEUROSCI.22-
21-09340.2002.

Forest, S.K., Acker, C.M., d’Abramo, C., and Davies, P. (2013). Methods for
Measuring Tau Pathology in Transgenic Mouse Models. J. Alzheimers Dis. 33,
463-471. https://doi.org/10.3233/JAD-2012-121354.

Miedel, C.J., Patton, .M., Miedel, A.N., Miedel, E.S., and Levenson, J.M. (2017).
Assessment of Spontaneous Alternation, Novel Object Recognition and Limb
Clasping in Transgenic Mouse Models of Amyloid-& #946; and Tau
Neuropathology. J. Vis. Exp. 123, €55523. https://doi.org/10.3791/55523.

Barini, E., Antico, O., Zhao, Y., Asta, F., Tucci, V., Catelani, T., Marotta, R., Xu, H.,
and Gasparini, L. (2016). Metformin promotes tau aggregation and exacerbates
abnormal behavior in a mouse model of tauopathy. Mol. Neurodegener. 11, 16.
https://doi.org/10.1186/s13024-016-0082-7.

Yoshiyama, Y., Higuchi, M., Zhang, B., Huang, S.-M., Iwata, N., Saido, T.C., Maeda,
J., Suhara, T., Trojanowski, J.Q., and Lee, V.M.-Y. (2007). Synapse Loss and

Molecular Therapy: Methods & Clinical Development Vol. 33 September 2025


https://doi.org/10.1523/JNEUROSCI.2016-16.2016
https://doi.org/10.1186/s13024-019-0340-6
https://doi.org/10.1186/s13024-019-0340-6
https://doi.org/10.1016/j.ymthe.2022.01.009
https://doi.org/10.1016/j.ymthe.2020.10.007
https://doi.org/10.1016/j.ymthe.2020.10.007
https://doi.org/10.1016/j.nbd.2020.104770
https://doi.org/10.1016/j.nbd.2020.104770
https://doi.org/10.1016/j.omtm.2023.101158
https://doi.org/10.1016/j.omtm.2023.101158
https://doi.org/10.1016/j.molimm.2022.02.006
https://doi.org/10.1007/s00401-018-1869-0
https://doi.org/10.1074/jbc.M111.229633
https://doi.org/10.1111/j.1471-4159.2011.07337.x
https://doi.org/10.1016/j.neurobiolaging.2012.05.010
https://doi.org/10.1016/j.neurobiolaging.2012.05.010
https://doi.org/10.1038/s41583-023-00710-z
https://doi.org/10.3389/fncel.2020.609123
https://doi.org/10.3389/fnbeh.2013.00202
https://doi.org/10.3389/fmed.2019.00071
https://doi.org/10.1038/nature17427
https://doi.org/10.1016/j.neuron.2024.04.013
https://doi.org/10.1016/j.brs.2017.01.004
https://doi.org/10.1016/S2215-0366(15)00579-9
https://doi.org/10.1016/S2215-0366(15)00579-9
https://doi.org/10.1016/j.neubiorev.2015.07.014
https://doi.org/10.1016/j.neubiorev.2015.07.014
https://doi.org/10.1523/JNEUROSCI.1100-16.2016
https://doi.org/10.1523/JNEUROSCI.1100-16.2016
https://doi.org/10.1186/s13024-023-00601-y
https://doi.org/10.3390/cells12050785
https://doi.org/10.1016/j.ymthe.2017.10.017
https://doi.org/10.1016/j.biopsych.2010.04.027
https://doi.org/10.3390/v11100920
https://doi.org/10.3390/v11100920
https://doi.org/10.1038/s41598-018-25049-9
https://doi.org/10.1038/s41598-018-25049-9
https://doi.org/10.1046/j.1471-4159.1997.69052087.x
https://doi.org/10.1046/j.1471-4159.1997.69052087.x
https://doi.org/10.1523/JNEUROSCI.22-21-09340.2002
https://doi.org/10.1523/JNEUROSCI.22-21-09340.2002
https://doi.org/10.3233/JAD-2012-121354
https://doi.org/10.3791/55523
https://doi.org/10.1186/s13024-016-0082-7

www.moleculartherapy.org

68.

Microglial Activation Precede Tangles in a P301S Tauopathy Mouse Model. Neuron
53, 337-351. https://doi.org/10.1016/j.neuron.2007.01.010.

Lewis, J., McGowan, E., Rockwood, J., Melrose, H., Nacharaju, P., Van Slegtenhorst,
M., Gwinn-Hardy, K., Paul Murphy, M., Baker, M., Yu, X, et al. (2000).
Neurofibrillary tangles, amyotrophy and progressive motor disturbance in mice ex-
pressing mutant (P301L) tau protein. Nat. Genet. 25, 402-405. https://doi.org/10.
1038/78078.

69.

70.

Vingtdeux, V., Chang, E.H., Frattini, S.A., Zhao, H., Chandakkar, P., Adrien, L.,
Strohl, J.J., Gibson, E.L., Ohmoto, M., Matsumoto, L, et al. (2016). CALHMI1 defi-
ciency impairs cerebral neuron activity and memory flexibility in mice. Sci. Rep.
6, 24250. https://doi.org/10.1038/srep24250.

Ma, Y., Hof, P.R,, Grant, S.C., Blackband, S.J., Bennett, R., Slatest, L., McGuigan, M.
D., and Benveniste, H. (2005). A three-dimensional digital atlas database of the adult
C57BL/6] mouse brain by magnetic resonance microscopy. Neuroscience 135, 1203
1215. https://doi.org/10.1016/j.neuroscience.2005.07.014.

Molecular Therapy: Methods & Clinical Development Vol. 33 September 2025 19


https://doi.org/10.1016/j.neuron.2007.01.010
https://doi.org/10.1038/78078
https://doi.org/10.1038/78078
https://doi.org/10.1038/srep24250
https://doi.org/10.1016/j.neuroscience.2005.07.014

	AAV-mediated peripheral scFv's administration to reduce cerebral tau in adult P301S transgenic mice: Mono-vs. combination t ...
	Introduction
	Results
	scFv-PHF1 retains its epitope specificity and ability to bind pathological tau
	Expression of scFv-PHF1 and scFv-MC1 in monotherapy and combination significantly reduces both misfolded and soluble tau in ...
	Misfolded tau, but not soluble tau, is decreased in the hippocampus when expressing scFv-MC1 in monotherapy
	scFv-MC1 outperforms all treatment paradigms by significantly decreasing oligomeric/aggregated tau in both cortex and hippo ...
	scFv-MC1 reduces insoluble tau in the hippocampus but not in the cortex
	Motor and behavioral phenotypes are ameliorated by scFv-MC1 in monotherapy
	scFvMC1 treatment alters brain glucose metabolism

	Discussion
	Materials and methods
	ScFv-PHF1 design, characterization, and sub-cloning into AAV1
	Tau transgenic mice
	i.m. injections
	Brain extracts and tissues preparation
	Tau ELISA
	IHC
	Hind-limbs clasping scale
	Open-field task
	Rotarod task
	18F-FDG-PET and imaging reconstruction
	Statistical analysis

	Data availability
	Acknowledgments
	Author contributions
	Declaration of interests
	Supplemental information
	References


