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ARTICLE INFO ABSTRACT

Keywords: Aggregates of the microtubule-associated protein tau are a common marker of neurodegenerative diseases

Alzheimer’s disease collectively termed as tauopathies, such as Alzheimer’s disease (AD) and frontotemporal dementia. Therapeutic

Tauopathy strategies based on tau have failed in late stage clinical trials, suggesting that tauopathy may be the consequence

Autophagy . . . . . . .

NADPH oxidases of upstream causal mechanisms. As increasing levels of reactive oxygen species (ROS) may trigger protein ag-

NOX4 gregation or modulate protein degradation and, we had previously shown that the ROS producing enzyme
NADPH oxidase 4 (NOX4) is a major contributor to cellular autotoxicity, this study was designed to evaluate if
NOX4 is implicated in tauopathy. Our results show that NOX4 is upregulated in patients with frontotemporal
lobar degeneration and AD patients and, in a humanized mouse model of tauopathy induced by AVV-Tau?3!t
brain delivery. Both, global knockout and neuronal knockdown of the Nox4 gene in mice, diminished the
accumulation of pathological tau and positively modified established tauopathy by a mechanism that implicates
modulation of the autophagy-lysosomal pathway (ALP) and, consequently, improving the macroautophagy flux.
Moreover, neuronal-targeted NOX4 knockdown was sufficient to reduce neurotoxicity and prevent cognitive
decline, even after induction of tauopathy, suggesting a direct and causal role for neuronal NOX4 in tauopathy.
Thus, NOX4 is a previously unrecognized causative, mechanism-based target in tauopathies and blood-brain
barrier permeable specific NOX4 inhibitors could have therapeutic potential even in established disease.

1. Introduction Therefore, there is an urgent need to find new and effective therapeutic

targets for these diseases.

Aggregates of tau protein characterize several neurodegenerative The major pathways that favor tau clearance include the ubiquitin-
diseases (NDDs) collectively known as tauopathies, which include Alz- proteasome system and the autophagy-lysosomal pathway (ALP) [2].
heimer’s disease (AD) and Frontotemporal lobar dementia (FTLD), Among the different autophagy types, macroautophagy is a major
among others [1]. In spite of their prevalence and social-economic intracytoplasmic protein degradation pathway characterized by the
burden, there is still no effective therapy to cure or detain them. formation of double-membraned vesicles called autophagosomes that
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engulf cargo and target it to the lysosome for degradation and elimi-
nation of damaged organelles and large protein aggregates [3-5]. ALP
impairment in being recognized in the pathogenesis of AD [6-8].
Considering that tau is degraded via autophagy [2], dysfunction of ALP
could lead to increased levels of its aggregated and toxic oligomeric
forms [9]. Tau can also inhibit autophagic degradation, disrupt auto-
phagosome dynamics and induce lysosomal alterations, contributing to
tau-induced toxicity [10], which strongly relates to synaptic and
cognitive deficits [11]. All these evidences suggest that once tau ag-
gregates are present in neurons, pathology can become
self-perpetuating. Thus, given the involvement of defective autophagy in
the pathogenesis and progression of tauopathies such as AD or FTLD,
therapies based on autophagy regulation can be implemented as ALP
modulation accelerates degradation of tau protein aggregates [6,12,13].

Autophagy can be regulated by reactive oxygen species (ROS)
[14-16]. NADPH oxidases (NOXs) are considered the major enzymatic
sources of ROS production [17] and NOX-derived ROS have been re-
ported as autophagy regulators [18,19]. Among the members of this
seven-member family, NOX4, one of the main isoforms expressed in the
central nervous system (CNS) [20], was found to regulate autophagy in
energy-deprived cells [19]. NOX4 may be a key participant in the
increased NOXs activity reported in AD progression as its expression is
significantly increased in the brain of aged humanized APPxPS1 double
transgenic mice [21]. In line with this, we have recently demonstrated
that neuronal NOX4 is a major contributor to cellular autotoxicity upon
ischemia or hypoxia [22]. In addition, neuronal NOX4 has been impli-
cated in the progression of Parkinson’s disease (PD) [23] and Traumatic
Brain Injury (TBI) [24,25]. Also, several studies have reported the
involvement of NOXs in cognitive dysfunction in AD patients and in in
vivo AD models [21,26,27]. While NOX4 has been involved in amyloid
beta (AB)-related AD models [21,28] its implication with tau protein, the
main driver of toxicity in AD, is currently unclear. Here, we aim to
determine the potential implication of NOX4 in tau pathology and
whether NOX4 inhibition could be validated as a novel therapeutic
strategy to treat tauopathies.

2. Materials and methods
2.1. Animal usage and care

Three-to-five-months-old C57BL/6n NOX4 knockout (NOX4 /™) and
littermates wild-type (NOX4™ ") male/female mice (25-30 g) were
used. They were maintained in a conventional animal facility ona 12 h
light/12 h dark cycle, with food and water ad libitum. NOX4/~ mice
were generated by deleting the NADPH and FAD binding sites of NOX4
that are essential for its activity as previously described [29]. NOX4*/+
and NOX4~/~ used in this study were genotyped (Supplemental Mate-
rials and Methods and Supplemental Fig. 1A) and characterized by
immunofluorescence in Supplemental Fig. 1B and C.

2.2. Post mortem brain tissue

Hippocampal and prefrontal cortex frozen postmortem samples from
FTLD and AD patients and non-demented controls were obtained from
the Brain Tissue Bank of Fundacién CIEN (Madrid, Spain). These sam-
ples were used for RNA and protein extraction. For immunohisto-
chemistry, fixed hippocampal tissue in paraformaldehyde (PFA) from
FTLD, AD and control subjects were obtained from the pathology
department of VUmc and the Netherlands Brain Bank (Amsterdam, the
Netherlands). Characteristics of subjects are summarized in Supple-
mental Table 1.

2.3. Study approval

All procedures involving animals were performed following the
Guide for Care and Use of Laboratory Animals and approved by the
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Institutional Ethics Committee of Universidad Auténoma de Madrid and
the Comunidad Auténoma of Madrid, Spain, (PROEX 252/16 and
PROEX 218.5/20) following the European Guidelines for the use and
care of animals for research in accordance with the European Union
Directive of September 22, 2010 (2010/63/UE) and with the Spanish
Royal Decree of February 1, 2013 (53/2013). All efforts were made to
minimize animal suffering and to reduce the number of animals used.
The Ethics Committee of the Hospital La Paz, Madrid, Spain and the
Brain Tissue Bank of Fundacion CIEN approved all protocols for exper-
imental procedures in human samples (Ref HULP PI-3380 and S18007,
respectively). Written informed consent was obtained from all subjects.

2.4. Adeno-associated viral vectors

Adeno-associated viral (AAV) vectors 2/6-SYN1-EGFP (GFP) and
AAV2/6-SYN1-humanTau">°!" (hTau) were produced and purified as
previously described [30]. For in vivo neuronal NOX4 knockdown,
AAV9-shRNANOX4-EGFP (shNOX4) and AAV9-shSCR-EGFP (shSCR)
were purchased from VectorBuilder (Chicago, USA).

2.5. Animal surgery and tauopathy model

Tauopathy was induced by intracerebroventricular (ICV) delivery of
hTau vectors as described by Luengo et al. [30]. AAV-GFP ICV injected
mice were used as control. Mice were anesthetized with Isoflutek (Iso-
fluorane 1000 mg/g) in oxygen under spontaneous respiration (induc-
tion at 5% and maintenance at 2%). For the in vivo NOX4 neuronal
knockdown, intrahippocampal injections (IHP) of 1.01 pL (>10'2
GC/mL) of AAV-shNOX4 or AAV-shSCR were injected (0.1 pL/min) in
the right hemisphere following the same method as described by Luengo
et al. [30] but using different coordinates (A: —1.94; L: —1.4; V: 1.8 mm,
from Bregma). After surgery, mice were housed for postoperative
monitoring and kept until the end of the experiment (day 28). At day 28
post-surgery mice were sacrificed, under 5% isoflurane anesthesia, by
decapitation.

2.6. Real-time quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA from human hippocampal and prefrontal cortex tissue and
mouse tissues (hippocampus, kidney and lung) was extracted with
TRIzol reagent (Sigma-Aldrich) and 1 pg was reverse-transcribed using
PrimeScriptTM RT Reagent Kit (perfect Real Time) (Takara). RT-qPCR
was performed with qPCRBIO SyGreen Mix LoRox polymerase (Cul-
tek) in a 7500 Fast Real-Time PCR System (Applied Biosystems by Life
Technologies). Thermal cycling was carried out according to the man-
ufacturer’s recommendations, and the relative expression levels were
calculated using the comparative AACt method. The primers were ob-
tained from Sigma-Aldrich, Madrid, Spain, (Supplemental Table 2).

2.7. Measurement of insoluble and soluble fractions of hippocampal tissue

The protocol followed to obtain the sarkosyl-soluble (SS) and
sarkosyl-insoluble fractions (SI) was performed as previously described
with some modifications [31] Tissues were homogenized in A Buffer
(Supplemental Materials and Methods) and centrifuged at 20.000 rpm
for 20 min at 4°C. To obtain the SI fractions, pellets were resuspended in
RAB buffer 1% sarkosyl (Supplemental Materials and Methods). Then,
samples were vortexed for 1 min at room temperature, rotated at 4°C
overnight and centrifuged at 69.000 rpm for 30 min at 4°C. SS fractions
were collected from the supernatants and SI fractions, from the pellets,
which were resuspended in RAB buffer 1% sarkosyl.

2.8. Western blotting

Tissues were lysed in 150 pL of ice-cold AKT lysis buffer (Supple-
mental Materials and Methods). 20 pg of SS, SI and protein extracts from
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human and mouse samples were resolved in SDS-PAGE transferred to
Immobilon-P PVDF membranes (Millipore). Membranes were activated
with methanol and blocked with 4% bovine serum albumin (BSA) in
Tris-buffered saline-Tween (TTBS) for 2 h and then incubated with the
primary antibody (Supplemental Table 3). Then, washed thrice with
TTBS and incubated with appropriate peroxidase-conjugated secondary
antibody (1:10.000; Santa Cruz Biotechnology) for 45 min. Thereafter,
membranes were washed thrice with TTBS, incubated with ECL-
Advance Western-blotting Detection Kit (GE Healthcare), exposed
using a ChemicDoC MP System (Bio-Rad Laboratories) and specific
immunoreactive bands were quantified using Fiji software.

2.9. Immunofluorescence

At final point, mice were deeply anesthetized with sodium pento-
barbital and perfused through the ascending aorta with 0.9% NacCl,
followed by 30 mL of 4% PFA in 0.1 M phosphate buffer (PB, pH 7.4).
Brains and kidneys were removed, post-fixed in the same fixative at 4°C
overnight, and cryoprotected for 2 days in 30% sucrose. Forty-
micrometer coronal slices were cut using a sliding microtome. For
immunofluorescence assays, sections or fixed cells were abundantly
washed with PB 0.1 M. Then, slices were blocked in PB 0.1 M with 2%
Triton and 10% goat or donkey serum for 1 h, and incubated with the
selected primary antibody (Supplemental Table 3) overnight at 4°C. In
the neuronal cultures, cells were washed with PB 0.1 M. 0.1% Triton (2
x 5 min each), blocked with 0.1% Triton, 10% goat serum and BSA for 1
h, and incubated in 0.1% Triton, 5% goat serum and BSA with the pri-
mary antibody (Supplemental Table 3) overnight at 4°C. Tissue sections
and cells were incubated with the appropriate secondary antibodies
(Alexa Fluor 488, 546, 647; Invitrogen) for 1 h and 30 min at 1:200 or
1:800, respectively, and then washed with PB 0.1 M (3 x 5 min each). In
the second wash, Hoechst (33342, Invitrogen) (1 pg/mL) was added.

Human brain tissue sections were de-paraffinized in xylene and
rehydrated in decreasing gradients of ethanol solutions. Afterwards,
antigen retrieval was performed by transferring sections to sodium cit-
rate buffer (pH 6.0) at 60 °C for 20 min. Sections were then allowed to
cool down for 15 min, and preincubated for 2 h at room temperature in a
blocking solution of tris-buffered saline 0.1 M containing 10% goat
serum and 0.3% Triton. Sections were then incubated with primary
antibodies (Supplemental Table 3), diluted in blocking solution over-
night at 4 °C, and washed and incubated with the appropriate secondary
antibodies for 1 h and 30 min prior to washing and mounting. Brain
sections or fixed primary cell cultures were mounted and covered. All
images were taken in a SP5 confocal microscope (TCS SPE; Leica) and
processed and analyzed with Fiji software.

2.10. Neuronal layer thickness measurement

Hoechst—stained sections were used to measure the cell layer thick-
ness. Hippocampal sections from similar coordinates were selected. The
thicknesses of the retrosplenial cortex (CTX), CA1 and the top granule
cell layer in the dentate gyrus (DG TOP) were measured by drawing a
scale perpendicular to the cell layer. Three different measurements from
three different images acquired per mice were analyzed and represented
as mean thickness.

2.11. In vivo recordings of long-term potentiation

Mice were anesthetized with urethane (1.6 g/kg) and body temper-
ature maintained at 37 °C. Electrodes were placed stereotaxically ac-
cording to the Paxinos and Franklin (2003) atlas. Field potentials were
recorded through tungsten macroelectrodes (1 MQ) placed at the CA1l
region (A: —2.2; L: —1.5; V: 1-1.5 mm, from Bregma). Bipolar stainless-
steel stimulating electrodes were aimed at the Schaffer collateral (SC)
pathway of the dorsal hippocampus (A: —2.2; L: —2.5; V: 2 mm, from
Bregma) to evoke CAl responses. Field potentials were amplified
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(DAMB8O0; World Precision Instruments, Florida, USA), bandpass filtered
between 0.1 Hz and 1.0 kHz, and digitized at 3.0 kHz (CED 1401 with
Spike 2 software; Cambridge Electronic Design). SC fibers were
continuously stimulated with single pulses (50-200 pA, 0.3 ms, 0.5 Hz).
LTP was evoked by theta-like burst stimulation (TBS) protocol, which
consisted in three trains of stimuli (50 Hz, 200 ms duration), with a time-
lag between trains of 200 ms (5 Hz; to mimic hippocampal theta activ-
ity). Field excitatory postsynaptic potentials (fEPSPs) were recorded
during 20 min of control period and 30 min after a TBS. The initial slope
of the fEPSP was assessed to quantify long-term changes of synaptic
transmission. The average response during 1 min was calculated. The
mean average response during the 20 min period before the tetanic
stimulation was considered as 100%.

2.12. Behavioral tests

For assessing recognition memory, the novel object recognition test
(NOR) was performed [32]. To assess spatial memory, the object loca-
tion task (OLT) [33] and the T maze were conducted; the latter with
some modifications [34]. Briefly, mice were placed in the start area of
the maze with guillotine doors raised and the central partition placed.
The mouse was confined in the chosen arm for 1 min by sliding the door
down. After this, the mouse was placed in the start area with the guil-
lotine doors opened and the central partition removed. The test was
performed seven consecutive times and a correct response was consid-
ered when the animal chose the arm that was not entered before.

2.13. Primary neuronal culture and treatments

Primary neuronal cultures were prepared from PO C57BL/6n
NOX4"/* and NOX4~/~ mouse embryos as previously described [35].
Briefly, pups were sacrificed, and the brains were extracted and placed
in Hank’s buffered salt solution. Meninges were removed and cortical
and hippocampal tissue isolated, digested with papain (Sigma-Aldrich;
diluted in Neurobasal (Invitrogen), DNase I (Sigma-Aldrich) (2
units/mL), EDTA (0.5 mM) and, activated with r-cysteine (Sigma-Al-
drich) (1 mM) at 37 °C. Afterwards, the tissue was mechanically disso-
ciated in feeding medium (Supplemental Materials and Methods) and
once centrifugated, the cell pellet was resuspended in feeding medium
supplemented with 8% Fetal Bovine Serum (Sigma-Aldrich) and filtered
through a 70 pm cell strainer (Corning). Neurons were plated onto 18
mm diameter coverslips previously treated with HCl 1 M, bathed with
ethanol and coated with poly-p-lysine (Sigma-Aldrich) (0.2 mg/mL in
borate buffer) and 1 h after feeding, medium was replaced by fresh
feeding medium. Neuronal cultures were maintained at 37°C in 5% COx.
Beginning on day 4 in vitro, feeding media was supplemented with 200
pM D, r-aminophosphonovalerate (APV) (Abcam), and feeding medium
was repeated with 100 pM APV every 4 days.

At day 14, neurons were treated with AAV-hTau or PBS (control) and
maintained up to 22 days in culture. Additionally, for visualization of
dendritic spines, neurons were treated at day 14 with AAV-GFP. To
monitor autophagosome and autophagolysosome formation, the
Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B Kit (Termofisher)
was added to the neuronal cultures 48 h before fixation. Neurons were
then fixed at day 22 in 2% paraformaldehyde for 15 min.

Composition of buffers, culture media and solutions are in Supple-
mental Materials and Methods.

2.14. Statistics

Data are presented as mean + SEM. All statistical tests were per-
formed with GraphPad (GP) Prism (version 8.3.0). Data were tested for
normality to determine the use of non-parametric or parametric tests.
Unless otherwise noted, all grouped comparisons were made by one-way
ANOVA with Tukey’s correction and all pairwise comparisons by two-
sided Student’s t-tests, depending on the experimental design.
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Fig. 3. Neuronal-targeted NOX4 knockdown diminishes the accumulation of hyperphosphorylated tau, improves LTP and cognitive decline once tauopathy is
initiated. (A) Schematic representation of the protocol. (B) NOX4 mRNA from hippocampal lysates of NOX4"/* (GFP, n = 14 and hTau, n = 8) and NOX4~/~ (GFP, n
= 4 and hTau, n = 11) mice. (C) Quantification and (D) representative images of AT8 relative intensity in the hippocampus of hTau (shSCR, n = 4 and shNOX4, n =
4) mice. Scale bar: 500 pm (5x). (E) Representative images and quantification of AT8 (F) SI and (G) SS tau oligomers and monomers from hippocampal lysates of
hTau (shSCR, n = 7 and shNOX4, n = 6-8) mice. Data are presented as mean + SEM. Significance was determined by one-way ANOVA with Tukey’s post hoc test or
unpaired Student’s t-test. *p < 0.05; ***p < 0.001. (H) Images and (I) quantification of the CTX, CA1, and DG TOP thickness in hTau (shSCR, n = 3 and shNOX4, n =
6) mice. Scale bars: 100 pm (10x); 75 pm (40x). (J) In vivo long-term potentiation (LTP) in hTau-shSCR and hTau-shNOX4 injected mice over 30 min. Arrow
indicates high-frequency stimulation (HFS). Five minutes of control period and 30 min after HFS stimulation are shown. (K) Quantification of fEPSP slope. (L) DI in
hTau (shSCR, n = 12 and shNOX4, n = 15) mice in the NOR test. (M) DI in hTau (shSCR, n = 6 and shNOX4, n = 11) mice in the OLT test. (N) Percentage of correct
responses in hTau (shSCR, n = 8 and shNOX4, n = 9) in the T maze maze. Data show mean + SEM. Significance was determined by unpaired Student’s t-test or Mann-
Whitney test for nonparametric data sets. *p < 0.05; **p < 0.01; ***p < 0.001. SI (sarkosyl-insoluble); SS (sarkosyl-soluble); CTX (Retrosplenial cortex); CA1l
(pyramidal cell layer CA1 region); DG TOP (Dentate gyrus top layer); fEPSP (fast excitatory postsynaptic potential); DI (Discrimination Index); NOR (novel object

recognition test); OLT (object location task).

Statistical significance was set at *p < 0.05; **p < 0.01; ***p < 0.001 in
accordance to GP style.

2.15. Data availability

The authors declare that the data supporting the findings of this
study are available within the article and its Supplemental data.

3. Results

3.1. NOX4 deletion reduces tau-driven pathology in an in vivo tauopathy
model

ICV stereotaxic delivery of AAVs containing hTau"3™" (hTau) or
GFP (GFP) was performed in NOX4*/* and NOX ™/~ mice (Fig. 1A); 28
days post-infection there was a significant increase of NOX4 mRNA in
the ipsilateral hippocampus of hTau mice (4-fold) but not of other NOX
isoforms (Fig. 1B). In addition, NOX4 immunofluorescence analysis
revealed 1.9-fold increase of NOX4 in hippocampal CA1 neurons but not
in astrocytes or microglial cells of hTau mice (Fig. 1C and Supplemental
Fig. 2). AT8 immunoreactivity, which recognizes a pathologic hyper-
phosphorylated epitope of tau protein (pSer202/Thr205) and consti-
tutes the basis of Braak staging [36], was increased (1.9-fold) in
hTau-NOX4™" mice; this increase was abrogated in hTau-NOX4~/~
mice (Fig. 1D and E). We also measured the oligomers (from 75 to 250
kDa) and monomers (from 50 to 65 kDa) [37] of pathological hyper-
phosphorylated tau using a separation protocol on hippocampal ho-
mogenates to separate SI from SS fractions. Although no significant
changes were observed in AT8 monomers, AT8 SI and SS oligomers were
significantly increased in hTau-NOX4"™/" mice and this increase was
abolished in NOX4~/~ mice (Fig. 1F-H). However, monomers and
oligomers of AT180 (pThr231) in SI and SS fractions were all drastically
reduced in hTau-NOX4 ™/~ mice (Fig. 1I-K).

As pathogenic tau mediates neurodegeneration and synaptic
dysfunction in tauopathy/AD models [38-40], we first measured the
thickness of different layers in the hippocampus as an indication of
neurotoxicity. hTau-NOX4™/* animals showed a reduction in the
thickness of different areas of the hippocampus and this atrophy was
prevented in hTau-NOX4 /™ mice (Fig. 2A and B). Second, we per-
formed LTP in vivo measurements which assesses synaptic plasticity and
is used as a cellular model for learning and memory. Both,
GFP-NOX4"* and GFP-NOX4~/~ injected mice presented sustained
hippocampal LTP over 30 min. hTau-NOX4"™* mice exhibited LTP
deficits while hTau-NOX4 /- did not (Fig. 2C-E). These results mirrored
those obtained in different behavioral tasks related to memory acqui-
sition, such as the NOR (Fig. 2F), the OLT (Fig. 2G) and the T-maze
(Fig. 2H); hTau-NOX4~/~ performed better than their hTau-NOX4™t/*
counterparts. Taken together, the absence of NOX4 in hTau mice re-
duces oligomeric pathological hyperphosphorylated tau, attenuates
brain atrophy, and prevents LTP impairment and cognitive decline.

3.2. Selective neuronal NOX4 knockdown alleviates pathological-tau
related alterations once tauopathy is initiated

To elucidate if neuronal NOX4 was the main driver in the reduction
of tau-related pathology, 7 days after ICV hTau injection, AAVs encoding
shRNA against neuronal NOX4 (shNOX4) or scramble shRNA (shSCR)
used as control, were intrahippocampal delivered (Fig. 3A). At this
timepoint, NOX4 mRNA was still not increased (Fig. 3B), although
neuroinflammation, autophagy dysregulation and increased phosphor-
ylated tau is present, but cognitive decline in not detected [30]. Both
AAVs shSCR and shNOX4 contained GFP, which enabled their visuali-
zation predominantly in CA1 neurons (Supplemental Fig. 3A and B). In
hTau-shNOX4 mice, NOX4 mRNA was decreased by 61% (Supplemental
Fig. 3C) and protein levels of NOX4 visualized by immunofluorescence
were reduced to similar levels of those observed in basal conditions
(Supplemental Fig. 1C). Related to tau, AT8 was reduced by 55% in the
ipsilateral hippocampus (Fig. 2C and D); while AT8 SI and SS oligomers
were significantly reduced, no changes were observed in AT8 SI or SS
monomers (Fig. 3E-G). AT180 oligomers and monomers of SI fractions
were significantly reduced in hTau-shNOX4 mice, while SS oligomers
and monomers remained unaltered (Supplemental Fig. 4A-C).

To assess whether knockdown of neuronal NOX4 affects tau-related
neurotoxicity, we measured the thickness of CTX, CA1l and DG TOP.
Neuronal-targeted NOX4 knockdown significantly decreased the atro-
phy observed in hTau-shSCR injected mice (Fig. 3H and I). Moreover,
while hTau mice injected with control shSCR exhibited LTP deficiency,
shNOX4 mice showed sustained and significant LTP over 30 min (Fig. 3J
and K). This result correlated with the results achieved in the cognitive
behavioral tests; discrimination indexes (DIs) in the NOR and OLT tests
and the percentage of correct responses in the T test achieved in hTau-
shNOX4 mice where significantly higher when compared with the
hTau control mice (Fig. 3L and N). These results demonstrate that
neuronal NOX4 knockdown is sufficient to alleviate tau-related alter-
ations, even when tauopathy is initiated.

3.3. Impact of NOX4 absence on the ALP in vivo

As global or neuronal NOX4 deficiency reduced the accumulation of
pathological oligomeric hyperphosphorylated tau, we sought of interest
to evaluate the performance of macroautophagy, a highly characterized
proteolysis pathway involved in the clearance of tau [5,7] in our mice.
Following the experimental protocol in Fig. 1A, the macroautophagy
markers p62 and microtubule-associated protein 1 light chain 3 (LC3)
were accumulating in CA1 neurons of hTau-NOX4™/* mice (Fig. 4A-D),
indicating a macroautophagy dysregulation. However, both global
NOX4~/~ (Fig. 4A-D) or neuronal NOX4 knockdown significantly
reduced tau-driven p62 and LC3 accumulation (Fig. 4E-G). These results
were corroborated by western bot (Supplemental Fig. 5A-C and H-J).
However, in AAV-hTau injected mice, the absence of NOX4 did not
changed p62 and LC3 mRNA levels, suggesting a post-transcriptional
regulation of this clearance process (Supplemental Fig. 5D and E).

hTau-NOX4~/~ mice presented enhancement of a key regulator of
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Fig. 4. Macroautophagy blockade induced by hTau injection is prevented in NOX4/~ and shNOX4 mice. (A) Representative images and (C) quantification of p62
relative intensity in the hippocampal CA1 region from NOX4™ " (GFP, n = 4 and hTau, n = 8) and NOX4 ™/~ (GFP, n = 4 and hTau, n = 8) mice. Insets show images at
a higher magnification. Scale bar: 25 pm (40x). (B) Representative images and (D) quantification of LC3 positive puncta in the hippocampal CA1l region from
NOX4*/+ (GFP, n = 4 and hTau, n = 5) and NOX4~/~ (GFP, n = 4 and hTau, n = 4) mice. Scale bar: 15 pm (63x). (E) Representative images of p62 and LC3 and
quantification of p62 (F) and LC3 (G) of hTau shSCR and shNOX4 mice (GFP, n = 3 and hTau, n = 4-6). (H) Representative images and quantification (K, L) of
nuclear TFEB and LAMP1 relative intensity in the hippocampal CA1 region in NOX4* /* (GFP, n = 5-6 and hTau, n = 5) and NOX4 /" (GFP, n = 4-5 and hTau, n =
4-6). Insets show images at higher magnification. Scale bar: 15 pm (63x). (I, J) Representative images of TFEB and LAMP1 in hTau-shSCR and hTau-shNOX4 mice
and its (M,N) quantification (hTau-shSCR, n = 3 and hTau-shNOX4, n = 3). Data are presented as mean + SEM. Significance was determined by one-way ANOVA
with Tukey’s post hoc test. *p < 0.05; **p < 0.01; #p < 0.05; ##p < 0.01; ###p < 0.001. CA1 (pyramidal cell layer CA1 region); S.Oriens (Stratum Oriens); S.Rad

(Stratum Radiatum).

lysosomal biogenesis, the nuclear transcription factor EB (TFEB) [41] in
CA1 neurons (Fig. 4H and K); this effect was also observed in shNOX4
(Fig. 41 and M). This increase was accompanied by an increase of
LAMP1, a target gene of TFEB, in hTau-NOX4 /~ (Fig. 4H and L and
Supplemental Fig. 5A and F) and in hTau-shNOX4 mice (Fig. 4J and N,
and Supplemental Fig. 5H and K). Cathepsin D (CTSD), another target
gene of TFEB, was also increased in the absence of global or neuronal
NOX4 (Supplemental Fig. 5A, G, H and L).

Taken together, these results indicate that neuronal NOX4 knock-
down is sufficient to prevent the macroautophagy blockade secondary to
hTau and increases the expression of lysosomal-related proteins,
unveiling NOX4 as a potential modulator of the lysosomal pathway,
even when tauopathy is initiated. In addition to the protein aggregation
and clearance imbalance, oxidative stress and inflammation are known
to play a pivotal role in the progression of tauopathies [10,42,43].
Furthermore, NOX-derived ROS are essential signals to regulate auto-
phagy [18,19]. Thus, we assessed whether NOX4 genetic deletion could
modulate ROS production and inflammation secondary to hTau injec-
tion. While in hippocampi of hTau-NOX4 /" mice, ROS production and
inflammatory-related markers were increased, in hTau-NOX4~/~ mice
they were reduced to control levels (Supplemental Fig. 6). These results
highlight a key role of NOX4 in modulating ROS production and neu-
roinflammation in the humanized in vivo tauopathy model.

3.4. The absence of NOX4 in neuronal cultures reduces
hyperphosphorylation of tau, prevents dendritic spine loss and modulates
the ALP

To support the results obtained in vivo, primary neurons from
NOX4™* and NOX4~/~ mice were cultured. At day 14, neurons were
subjected to PBS (as control) or AAV-hTau (to reproduce the tauopathy
in vitro) for 8 days (Fig. 5A). Under these experimental conditions, the
number of AT8 positive neurons (Fig. 5B and C) and AT8 immunore-
activity per cell (Fig. 5D) were significantly decreased by 54% and 46%,
in hTau-NOX4~/~ vs hTau-NOX4™" neurons, respectively. Hyper-
phosphorylated tau can be redirected from the axonal to the somato-
dendritic compartment where it can impair synaptic function and cause
spine loss [44,45]; related to this, NOX4 /" neurons subjected to hTau
showed 5 different patterns of AT8 staining throughout the dendritic
compartment (Supplemental Fig. 7A). Interestingly, we observed a sig-
nificant negative correlation between number of dendritic spines and
hyperphosphorylated tau; as AT8 staining in dendrites increased, the
number of dendritic spines decreased (Supplemental Fig. 7B). We also
detected a qualitative reduction in AT8 somatodendritic missorting and
a significant decrease in AT8 staining in dendrites in hTau-NOX4
neurons (Fig. 5E and Supplemental Fig. 7C); as expected, this was
accompanied by an increase in the number of dendritic spines (Fig. 5F
and G). Overall, these results correlate with those described in vivo
indicating that the absence of NOX4 in neurons is sufficient to reduce the
accumulation of pathologic hyperphosphorylated tau and suggests that
a decrease in the mislocalization of hyperphosphorylated tau to the
somatodendritic compartment, may prevent hTau-mediated dendritic
spines loss in NOX4~/~ neurons.

We also evaluated the macroautophagy markers p62 and LC3 by
immunofluorescence in primary cultured neurons (Supplemental Fig.

8A-C); these proteins accumulated in hTau-NOX4™/* neurons, indi-
cating a blockade in macroautophagy flux. By transducing primary
neurons with a tandem reporter consisting of recombinant RFP and GFP
fused to LC3 protein 48 h before the end point [46] (Fig. S5H) we
confirmed an enhancement of the macroautophagy flux in
hTau-NOX4 /™ neurons. Thus, hTau-NOX4"/* neurons had a predom-
inance of autophagosomes (AP) and fewer autophagolysosomes (APL),
while hTau-NOX4 /"~ neurons showed the opposite effect, they had less
AP and a higher number of APL (Fig. 5I and J). Moreover, analysis of
TFEB, LAMP1 and CTSD in hTau primary cultured neurons provided
similar results to those obtained in vivo (Fig. 5K-P). These findings,
correlate with the significant co-localization of CTSD with AT8 (Fig. 5SM
and Q), indicating accumulation of pathological tau in lysosomes. These
observations support the potential implication of NOX4 in regulating
ALP in primary cultured neurons and explain, at least in part, the
facilitation of the macroautophagy flux, to reduce accumulation of
pathological tau, when NOX4 is absence.

3.5. NOX4 is overexpressed in patients with FTLD and AD

Finally, to examine whether NOX4 was implicated in human tauo-
pathies, we analyzed post-mortem brain samples obtained from in-
dividuals that suffered FTLD or AD. In FTLD patients, only NOX4 mRNA
levels were significantly increased by 2.8-fold (Fig. 6A, left panel),
whereas in AD patients, both NOX2 (3.2-fold) and NOX4 (2.2-fold)
mRNA were significantly increased when compared to non-demented
subjects (Ctrl) (Fig. 6A, right panel). NOX4 protein levels in the hippo-
campus and prefrontal cortex, regions known to be affected during
tauopathy progression, were significantly increased in both FTLD (3.1
and 2.1-fold respectively) and AD patients (2.4 and 1.5-fold respec-
tively), compared to non-demented subjects (Fig. 6B and C). NOX4
protein levels correlated with mRNA levels, which were significantly
increased in the hippocampus and prefrontal cortex of both types of
tauopathies (Supplemental Fig. 9A). These changes were further sup-
ported by immunofluorescence analysis of fixed postmortem brain sec-
tions of FTLD and AD patients that revealed increased levels of NOX4 in
hippocampal neurons positive for AT8 (Fig. 6D). Furthermore, AT8 SI
oligomers and monomers were significantly augmented in FTLD (Fig. 6E
and F) and AD (Fig. 6E and G) patients compared to Ctrl subjects.
However, no significant changes were observed in AT8 SS forms (Sup-
plemental Fig. 9B and C).

These data show an altered expression pattern of NOX4 in different
brain areas of FTLD and AD patients in which insoluble forms of
hyperphosphorylated tau are enriched, delineating a potential associa-
tion between NOX4 and tau pathology in human tauopathies.

4. Discussion

Our results demonstrate that NOX4 expression is upregulated in the
presence of pathological hyperphosphorylated tau in brains of AD and
FTLD patients and in a humanized mouse model of tauopathy. Inter-
estingly, either global knockout or neuronal-targeted knockdown of the
Nox4 gene in mice was able to: 1) reduce the levels of pathological
hyperphosphorylated tau, 2) modulate macroautophagy, 3) reduce ROS
and inflammation and 4) prevent brain atrophy and synaptic
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Fig. 5. NOX4 deficiency reduces AT8, prevents dendritic spine loss and avoids macroautophagy blockade in primary cultured neurons subjected to hTau. (A)
Schematic representation of the protocol. (B) AT8 and MAP2 staining, (C) quantification of AT8 positive neurons and (D) AT8 immunoreactivity per cell in NOX4™/*
(Control, n = 5 and hTau, n = 8-9) and NOX4~/~ (Control, n = 5 and hTau, n = 7) neurons. Scale bar: 100 pm (20x). n = Field of view analyzed per condition from 3
independent experiments. (E) Images of AT8 somatodendritic missorting in hTau-NOX4"/* and hTau -NOX4~/~ neurons. Scale bars: 20 pm (63x). (F) Images and
(G) number of dendritic spines per 10 pm in the secondary and tertiary segments in NOX4"/* (GFP, n = 14 and GFP + hTau, n = 15) and NOX4/~ (GFP, n = 13 and
GFP + hTau, n = 11) neurons. Scale bars: 5 pm (63 x). n = neurons analyzed from 4 independent experiments. Significance was determined by one-way ANOVA with
Tukey’s post hoc test. **p < 0.01; #p < 0.05. Data are presented as mean + SEM. (H) Representation of the RFP-GFP-LC3 tandem reporter. (I) Images and (J)
quantification of the number of autophagosomes (AP) and autophagolysosomes (APL) per cell in hTau-NOX4™* (n = 8-9) and hTau-NOX4 "~ (n = 14-15) neurons
transduced with the RFP-GFP-LC3 tandem reporter. Insets show images at a higher magnification. Arrows indicate autophagic vacuoles. Scale bar: 5 pm (63x).n =3
independent experiments. Images of nuclear TFEB (K), LAMP1 (L) and CTSD (M) relative intensity in hTau-NOX4~/~ and hTau-NOX4%/* neurons. Insets show
images at higher magnification. Arrows indicate co-localization. Scale bar: 5 pm (63x). Quantification of nuclear TFEB (N), LAMP1 (O) and CTSD (P) relative
intensity in hTau-NOX4*/* (n = 9-13) and hTau-NOX4~/~ (n = 9-16) neurons. (Q) Quantification of CTSD-AT8 Pearson’s R value in hTau-NOX4*/* (n = 10) and
hTau-NOX4~/~ (n = 13) neurons. Significance was determined by one-way ANOVA with Tukey’s post hoc test or unpaired Student’s t-test. ***p < 0.001; ###p
< 0.001.

dysfunction, which translate into prevention of cognitive decline in vivo. In order to explain a causal role of NOX4 in tau pathology, we
Although brain expression of NOX4 is low when compared with high focused on autophagy which is one of the degradative pathways to
expressing tissues like the kidney, being the brain an organ with high eliminate hyperphosphorylated tau, besides the proteasome [7,60].

sensitivity to oxidative stress, subtle increases in ROS can have a major Also, because ROS, which are produced by NOXs, have been described as
impact in brain function [47]. Kleinschnit et al. demonstrated that essential signals to activate autophagy [15,41]. In particular, NOX4 has
although NOX4 was barely detectable in healthy brain regions, clear consistently shown to induce the autophagy process [18,61]. Our results
positive labeling of NOX4 was seen in neurons and vascular endothelial evidence that NOX4 deficiency reduces ROS production. Thus, we hy-
cells from the forebrain cortex of stroke patients [29]. Furthermore, we pothesize that NOX4-derived ROS may participate in the over-induction
have previously elucidated the superior sensitivity of the brain to of macroautophagy which, together with the toxic effect exerted by
ischemic damage at the cellular level by NOX4-dependent neuronal hTau™"* on this degradative mechanism, could determine the defec-
autotoxicity [22]. In addition, NOX4 immunoreactivity co-localizes in tive performance of this pathway, the excessive accumulation of auto-
neurons in the injured cerebral cortex following TBI [24] and is upre- phagosomes [62,63] and the faulty degradation of pathological forms of
gulated in dopaminergic neurons of patients with PD [48]. Conse- tau, in consistence with what has been described in several NDDs [6].
quently, all these evidences support that although NOX4 expression in Our results show that neuronal-targeted NOX4 knockdown, prevents
the healthy brain is low, it can be overexpressed under pathological macroautophagy blockade, even when tau-related alterations were
conditions contributing to the progression of neurodegenerative initiated. Furthermore, NOX4 deficiency increased the number of
diseases. functional acidic autophagolysomes, restoring the macroautophagy
A robust correlation between the activity of NOX isoforms and flux. These results suggest that an increase of neuronal NOX4 in tau-
cognitive decline was reported in AD patients and in the APPxPS1 mouse opathy could play an active role in dysregulating macroautophagy flux
model [21,26,49]. In human brain samples we have observed that and, thereby, contributing to disease progression. In AD patients,
NOX2, which is predominantly expressed in microglia [50,51], was only increased induction of macroautophagy causes an overburden of failing
increased in AD, as previously reported [52]. However, NOX4, whose lysosomes that lead to neuronal toxicity, pinpointing the progressive
expression is mostly neuronal [29,53], was upregulated in both FTLD decline of lysosomal clearance as a facilitator of the robust autophagy
and AD patients, suggesting a correlation between NOX4 and tau pa- pathology and neuritic dystrophy implicated in AD pathogenesis [11,
thology. However, the potential contribution of NOX2 in tauopathies 64-66]. Hereof, TFEB is a transcription factor that coordinately acti-
such as AD should not be neglected, since the results in AD patients also vates the expression of key genes that regulate lysosomal biogenesis and
show a high expression of NOX2. functionality and modulates genes required for autophagosome forma-
Interestingly, the results related to NOX4 expression in FTLD and AD tion [67]. Recent studies suggest that increasing TFEB expression could
human brain samples correlated with those found in the humanized in be beneficial for the treatment of AD and other tauopathies [68,69]. In
vivo tauopathy model, where NOX4 overexpression was preferentially this study, NOX4 genetic deletion and neuronal-targeted NOX4 knock-
restricted to the neuronal compartment and suggests that NOX4 may be down, augmented the nuclear localization of TFEB, together with the
upregulated in this cell type in response to hyperphosphorylated tau, overexpression of its transcripts LAMP1 and CTSD. These findings can be
while NOX2 could be more related to the microglial response to amy- interpreted as neuronal NOX4 downregulation can trigger TFEB nuclear
loidopathy [8,54]. This assumption was supported by the finding that translocation, increasing the availability of functional lysosomes to
not only global, but also neuronal NOX4 blockade, reduced the levels of facilitate autophagosome degradation. In this regard, increased
pathological hyperphosphorylated tau oligomers, which were signifi- co-localization of AT8 tau in CTSD positive lysosomes in NOX4~/~
cantly increased in SI fractions of FTLD and AD patients, as well as in the neurons was identified, suggesting enhanced delivery of hyper-
SI and SS fractions in the in vivo tauopathy model. These oligomeric tau phosphorylated tau to lysosomes for degradation. Altogether, these re-
forms, which are present in the brain at early stages of AD [55,56], are sults correlate with the reduction of hyperphosphorylated tau forms and
described to be the most toxic species in tauopathies and are implicated may explain the absence of cognitive decline in global and neuronal
in tau spreading [57-59]. We also found that the missorting of hyper- NOX4 knockdown mice.
phosphorylated tau towards the somatodendritic compartment, which In conclusion, this study validates NOX4 as a new and unexplored
causes synaptic dysfunction [44,45] was reduced in NOX4 deficient target for the treatment of tauopathies and highlights the potential
neurons. There was also an improvement in the number of dendritic clinical relevance of developing BBB-permeable specific NOX4 in-
spines when NOX4 was abolished. These results, together with the hibitors for tau-mediated neurodegenerative disorders.
reduction of hyperphosphorylated pathologic forms of tau, further
contribute to explain the reduction in brain atrophy, the improvement in Author contributions
synaptic dysfunction (LTP) and cognitive impairment (NOR, OLT and
T-maze) when total or neuronal NOX4 was knocked down in hTau mice. EL contributed to design and conduct research experiments, to ac-
Altogether, these results indicate a beneficial effect of NOX4 blockade in quire and analyze data and to write the manuscript. PTA contributed to
tauopathy. conduct research experiments, to acquire and analyze data and to write
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Fig. 6. NOX4 is overexpressed in brains of FTLD and AD patients. (A) mRNA levels of NOX isoforms in postmortem human brain lysates from FTLD (left) (n = 8), AD
(right) (n = 9) and non-demented subjects (Ctrl) (n = 5). (B) Representative images and (C) quantification of NOX4 protein levels in hippocampus (left) and
prefrontal cortex (right) from FTLD (n = 8), AD (n = 9) and Ctrl subjects (n = 5). (D) Representative images of AT8 and NOX4 intensity in fixed postmortem
hippocampal sections of FTLD (n = 2), AD (n = 2) and Ctrl subjects (n = 2). Insets show images at a higher magnification. Scale bar: 25 pm. 3 fields of view were
acquired per subject. (E) Representative images of AT8 SI and SS tau oligomers and monomers from hippocampal lysates of FTLD, AD and Ctrl subjects. (F)
Quantification of AT8 SI tau oligomers and monomers from FTLD (n = 6-7) and Ctrl subjects (n = 5). (G) Quantification of AT8 SI tau oligomers and monomers from
AD (n = 9) and Ctrl subjects (n = 5) Data are presented as mean + SEM. Significance was determined by an unpaired Student’s t-test or Mann-Whitney test for
nonparametric data sets. *p < 0.05; **p < 0.01; ***p < 0.001. Ctrl (non-demented); FTLD (Frontotemporal lobar degeneration); AD (Alzheimer’s disease); SI
(sarkosyl-insoluble); SS (sarkosyl-soluble).
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