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NEURODEGENERATIVE DISEASES

Nasal tau immunotherapy clears intracellular tau
pathology and improves cognitive functions in aged
tauopathy mice
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Pathological tau aggregates cause cognitive decline in neurodegenerative tauopathies, including Alzheimer’s dis-
ease (AD). These aggregates are prevalent within intracellular compartments. Current tau immunotherapies have
shown limited efficacy in clearing intracellular tau aggregates and improving cognition in clinical trials. In this study,
we developed toxic tau conformation-specific monoclonal antibody-2 (TTCM2), which selectively recognized patho-
logical tau aggregates in brain tissues from patients with AD, dementia with Lewy bodies (DLB), and progressive
supranuclear palsy (PSP). TTCM2 potently inhibited tau-seeding activity, an essential mechanism underlying tauopa-
thy progression. To effectively target intracellular tau aggregates and ensure rapid delivery to the brain, TTCM2 was
loaded in micelles (TTCM2-ms) and administered through the intranasal route. We found that intranasally adminis-
tered TTCM2-ms efficiently entered the brain in hTau-tauopathy mice, targeting pathological tau in intracellular
compartments. Moreover, a single intranasal dose of TTCM2-ms effectively cleared pathological tau, elevated synap-
tic proteins, and improved cognitive functions in aged tauopathy mice. Mechanistic studies revealed that TTCM2-ms
cleared intracellular, synaptic, and seed-competent tau aggregates through tripartite motif-containing 21 (TRIM21),
an intracellular antibody receptor and E3 ubiquitin ligase known to facilitate proteasomal degradation of cytosolic
antibody-bound proteins. TRIM21 was found to be essential for TTCM2-ms-mediated clearance of tau pathology.
Our study collectively provides evidence of the effectiveness of nasal tau immunotherapy in targeting and clearing
intracellular tau pathology through TRIM21 and enhancing cognition in aged tauopathy mice. This study could be

valuable in designing effective tau immunotherapies for AD and other tauopathies.

INTRODUCTION

Intraneuronal accumulation of pathological tau aggregates in the
brain is a hallmark of Alzheimer’s disease (AD) and related demen-
tias, including PicK’s disease (PiD), progressive supranuclear palsy
(PSP), corticobasal degeneration (CBD), and frontotemporal de-
mentia (FITD), collectively known as tauopathies. Tau pathology is
common in dementia with Lewy bodies (DLB). These tau aggre-
gates are typically found within neuronal cell bodies and dendrites
in the brains of patients with tauopathy, where they are referred to
as neurofibrillary tangles (NFTs) and neuropil threads (1). Studies
show that clinical severity and cognitive decline in AD strongly
correlate with the deposition of pathological tau aggregates (1-4).
Deposition of pathological tau is found in numerous neurodegen-
erative diseases, emphasizing the central role of tau aggregates in
driving neurodegeneration and cognitive decline and highlighting
the potential importance of tau-targeted therapy as a disease-
modifying treatment. One promising approach to specifically tar-
get and remove pathological tau aggregates from the brain is
immunotherapy. However, therapeutic antibodies face challenges
in reaching the brain because of the blood-brain barrier (BBB) and
poor internalization by neurons. Given that pathological tau ag-
gregates are prevalent within intracellular compartments of neu-
rons, the ability of antibodies to effectively target and eliminate
pathological tau aggregates is impeded (5, 6). These limitations

"Mitchell Center for Neurodegenerative Diseases, University of Texas Medical
Branch, Galveston, TX 77555, USA. 2Department of Neurology, University of Texas
Medical Branch, Galveston, TX 77555, USA. 3Department of Science, University
“Roma Tre," Viale G. Marconi 446 00146 Rome, Italy. “iInnoSense LLC, Torrance,
CA 90505, USA.

*Corresponding author. Email: rakayed@utmb.edu

Gaikwad et al., Sci. Transl. Med. 16, eadj5958 (2024) 3 July 2024

present an important barrier to advancing effective therapies for
neurodegenerative tauopathies (5, 6).

Pathological deposition of tau is initiated by transition of mono-
meric tau, an intrinsically disordered protein, into misfolded con-
formations that form toxic tau aggregates (7). These self-propagating
misfolded toxic tau seeds are commonly found in the early stages of
AD, PiD, PSP, CBD, FTD, and DLB and are implicated in disease
progression. Tau-seeding activity is positively associated with path-
ological tau loads and negatively correlated with cognitive function
across multiple neurodegenerative diseases (8, 9). Neurons further
release pathological tau seeds into the extracellular environment,
facilitating the trans-cellular propagation of tau pathology in a spe-
cific stereotypical spatiotemporal pattern. This process leads to neu-
ronal loss and cognitive decline, underscoring the key role of
seed-competent toxic tau conformations in disease progression
(10-13).

Previous studies using tau immunotherapy in AD mouse models
demonstrated the ability of anti-tau monoclonal antibodies (mAbs)
to halt tauopathy progression and even improve cognitive and mo-
tor functions in some cases (14-16). However, conventional mAbs
primarily target extracellular tau. As a result, intracellular patho-
logical tau aggregates remain largely unaffected upon immunother-
apy. Despite this limitation, several clinical trials were launched to
test the efficacy of anti-tau mAbs on the basis of promising results in
mice (17, 18). Disappointingly, trials with the mAbs tilavonemab
and gosuranemab failed to demonstrate improvements in patients
with tauopathies (19). suggesting that solely targeting extracellular
tau may not be efficacious for treating patients with tauopathies (5).
Consistent with these observations, recent studies suggest that in-
tracellular tau aggregates and synaptic tau seeds play a more crucial
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role in the disease than their extracellular counterparts (20, 21). Tau
pathology can propagate through exosomes or nanotubes, protect-
ing tau seeds from therapeutic antibodies (22). Thus, to effectively
attenuate tauopathy progression and cognitive decline, a strong
rationale exists for developing immunotherapies that target intra-
cellular tau and block seeding activity.

Several challenges exist to develop safe and effective tau immu-
notherapies, including (i) identifying anti-tau mAbs that selectively
recognize pathological, misfolded, and toxic tau conformations
rather than the more abundant physiological tau; (ii) efficiently
reaching intracellular compartments in the brain to remove patho-
logical tau; (iii) effectively neutralizing or clearing pathological tau
seeds; and (iv) removing pathological tau without triggering delete-
rious inflammatory responses.

With these considerations in mind, we have developed a toxic tau
conformation-specific mAb (TTCM2). TTCM2 specifically detected
disease-relevant tau aggregates in postmortem brain tissues from pa-
tients with AD, DLB, and PSP and effectively neutralized the tau-
seeding activity of AD brain-derived tau oligomers (AD-BDTOs).
TTCM2 was loaded in micelles (TTCM2-ms) for improved intracel-
lular delivery in the brain upon intranasal delivery in tauopathy
mice. We chose the intranasal route because it is recognized as a vi-
able, noninvasive, safe approach for effective drug delivery to the
brain through a direct nose-to-brain anatomic pathway (23). We
show that TTCM2-ms reached the brain rapidly and efficiently, elim-
inated intracellular and seed-competent tau aggregates from the
brain, and improved cognition in a mouse model of tauopathy.

RESULTS

TTCM2 recognizes disease-relevant tau aggregates in brain
tissue from patients with tauopathies and inhibits
tau-seeding activity of AD-BDTOs in vitro

To determine whether TTCM2 specifically recognizes disease-
relevant pathological tau, we performed double-label immunostain-
ing using TTCM2 and anti-phospho-tau monoclonal antibody
(AT8) antibodies on brain tissue from patients with AD (n = 8),
DLB (n = 6), and PSP (n = 6) and age-matched nondemented
controls (NDCs; n = 8) (12, 24, 25). The AT8 antibody recognizes
tau phosphorylation at Ser’**/Thr”®® and is widely regarded as a reli-
able marker to detect pathological NFTs. AT8 immunoreactivity
is primarily found in intraneuronal NFTs (iNFTs), extraneuronal
NFTs, and pretangle phospho-tau aggregates (pre-NFTs) (26). Our
results revealed strong TTCM2 (red) immunoreactivity in brain
sections from patients with AD, DLB, and PSP and relatively sparse
staining in NDCs (Fig. 1, A and B). Correlation analysis of immu-
nostaining for AT8 (green) and TTCM2 (red) demonstrated colo-
calization between TTCM2 and AT8$ in all human tauopathy brain
tissues examined (Fig. 1C). We observed that TTCM2 primarily
stained iNFTs and pre-NFTs (perinuclear staining) (Fig. 1, A to C).
In addition, immunohistochemistry staining revealed that TTCM2
exhibited strong immunoreactivity to pathological tau present in
neuropil threads, iNFTs and pre-NFTs in AD, DLB, and PSP cases
(fig. S1A); and little or no immunoreactivity in brain sections from
NDC cases (fig. S1A).

To further validate these data, we performed enzyme-linked im-
munosorbent assays (ELISAs) using brain homogenates from human
and murine tauopathy brain tissues, as well as different forms of tau,
including tau monomers (TauM), tau oligomers (TauO), and tau fibrils
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(TauF) (27, 28). The results confirmed strong TTCM2 immunoreac-
tivity in brain homogenates from patients with AD, DLB, and PSP
compared with NDCs (Fig. 1D). Moreover, we observed enhanced
TTCM2 immunoreactivity in 18-month-old hTau mice relative to
3-month-old hTau mice, with no reactivity detected in tau-knockout
mice (Fig. 1D). In addition, we found that TTCM2 exhibited the high-
est reactivity to TauO relative to TauF and TauM (Fig. 1D).

To assess the binding specificity of TTCM2 with TauO, we
performed dot blot assays with TTCM2 and Tau5 antibodies and
various tau aggregates, including T22 affinity-purified brain-
derived tau oligomers (BDTOs) from patients with AD, DLB, and
PSP and recombinant AP oligomers, a-synuclein oligomers, and
TauO. Results indicated strong immunoreactivity for TTCM2
against BDTOs from patients with AD, DLB, and PSP and recombi-
nant TauO. However, TTCM2 did not detect AP oligomers or
a-synuclein oligomers (fig. S1B), suggesting that TTCM2 specifi-
cally detects TauO. We and others have demonstrated that TauO are
highly toxic in vitro and in vivo (27, 29-31). We found that TTCM2
effectively neutralized TauO toxicity in SH-SY5Y neuroblastoma
cells in a dose-dependent manner (fig. S1C). Given that TTCM2 de-
tected abnormal TauM, it is worth noting that although TauO and
TauF are well-established pathological forms of tau in neurodegen-
erative diseases (24, 32-38), recent studies indicated that TauM can
also exist in abnormal or pathological forms that initiate seeding
and spreading of tau pathology (39-42). The ability to detect the
monomeric form of tau is a characteristic feature of several tau con-
formational antibodies (40-45).

Next, to examine the tau conformational specificity of TTCM2,
we used dot blot assays to measure its immunoreactivity in different
conformations of tau protein, including nondenatured (ND) and
denatured (D) states, by chemical and thermal treatment of TauM,
TauO, and TauF. We found that TTCM2 shows stronger reactivity
with ND forms of tau, and when tau loses its natural structure (upon
chemical and thermal denaturation), TTCM2’s reactivity with TauM
and TauO decreased (fig. S1, D and E). TTCM2 demonstrated greatest
differences in reactivity with TauO compared with TauM or TauF
(fig. S1, D and E). Conversely, the tau 13 antibody, which detects
total tau, showed no differences in immunoreactivities between ND
and D tau forms (fig. S1, F and G). These data indicate that TTCM?2
is a tau conformational antibody with strong immunoreactivity to
pathological and toxic TauO (Fig. 1D and fig. S1, A to G).

An important aspect of tauopathy is the presence of seed-
competent toxic tau conformations in the brain at early stages of dis-
ease (9, 46). These pathological tau conformations act as seeds that
recruit and misfold endogenous naive TauM and propagate tau pa-
thology across the brain (47). Tau-seeding activity is clinically rele-
vant, correlating with disease progression and cognitive decline in
patients with AD (9, 48). Several studies indicate that TauO isolated
from human tauopathies exhibit potent tau-seeding activities (20,
48-51). We previously demonstrated that BDTOs from patients with
AD are highly neurotoxic, propagate tau pathology across brain re-
gions, and induce cognitive dysfunction in mouse models (27, 52).
These observations suggest that blocking tau-seeding activity through
immunotherapy may be beneficial for halting disease progression.

Here, we used a biosensor cell line that constitutively expresses
human tau repeat domain (TauRD) with P301S mutation, which is
commonly used to quantify tau seeding activity (11, 48). These cells
form intracellular aggregates when exposed to bioactive tau seeds.
We investigated whether TTCM2 treatment inhibits seeding activity
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of AD-BDTOs in tau biosensor cells. Lipofectamine 2000 transfection
reagent was used to deliver the AD-BDTOs:TTCM2 immune com-
plexes to the cells (Fig. 1E). Results show that at nanomolar concen-
trations, AD-BDTOs profoundly induced tau aggregation in biosensor
cells, and this seeding activity was substantially inhibited by TTCM2
treatment (Fig. 1, F and G). The optimal ratio of tau to TTCM2 for
inhibiting seeding activity was 1:4, which reduced the seeding activity
by 70% compared with AD-BDTO alone. Higher ratios of tau to
TTCM2 (such as 1:8) did not show further improvement over 1:4
ratio, suggesting a plateau in the inhibition of seeding activity and that
a 1:4 ratio is the optimal stoichiometry of AD-BDTOs to TTCM2 for

Fig. 1. TTCM2 recognizes pathological tauin A
brain tissue from patients with AD, DLB, and
PSP, but not NDCs, and inhibits tau-seeding
activity of AD-BDTOs. (A) Representative im-
munofluorescence staining with AT8 antibody
(green), TTCM2 antibody (red), and merge +
4',6-diamidino-2-phenylindole (DAPI) (blue) in
frontal cortex from patients with AD, DLB, and
PSP and NDCs. (B) Mean relative fluorescence in-
tensities (RFI) of TTCM2 staining in brain tissue
from AD (n = 8), DLB (n = 6), and PSP (n = 6) and
NDCs (n = 8). (C) Pearson’s correlation coefficient
analysis assessing colocalization between TTCM2
and ATS8. (D) ELISA was used to measure immuno-
reactivity of TTCM2 against brain homogenates
from patients with AD, DLB, and PSP and tauopa-
thy mouse model, including 3- and 18-month-old
hTau mice (n = 3 per group). Brain homogenates
from Tau-knockout mice were used as a control
(n =3 mice per group). Recombinant TauM, TauO,
and TauF were also assessed for immunoreactivity
with TTCM2. The graph shows the mean + SEM
of optical density (O.D.) at 450 nm. (E) lllustration
of experiments to test seeding activity of AD-
BDTOs isolated from PBS-soluble fractions by
immunoprecipitation with T22 antibody ana-
lyzed using tau biosensor cells + TTCM2. (F) Rep-
resentative images showing seeding activity of
AD-BDTOs (green) and its inhibition by TTCM2;
the untreated control is shown at the left. DAPI
(blue) counterstain was used to detect total nu-
clei. Scale bar, 20 pm. (G) Graph showing dose-
dependent effect of TTCM2 on AD-BDTO seeding
activity in biosensor cells. Percentage of fluores-
cence resonance energy transfer (FRET)-positive
cells was determined by dividing the number of
FRET-positive cells by total DAPI-positive cells E
representative of n = 4 experiments. Significance

was determined by one-way ANOVA followed

by Tukey’s test. Graphs show the mean + SEM;

*##P < 0.01, ***P < 0.001, and ****P < 0.0001.

ns, nonsignificant; a.u., arbitrary units.
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neutralizing tau seeding. Together, these findings demonstrate that
TTCM2 is a tau conformation-specific antibody capable of recogniz-
ing disease-relevant tau aggregates in brain tissue from patients with
AD, DLB, and PSP. Moreover, TTCM2 effectively neutralized the tox-
icity of TauO and blocked tau-seeding activity of AD-BDTOs.

Intranasally administered TTCM2-ms rapidly distributed to
various brain regions and engaged with pathological tau in
aged hTau tauopathy mice

The BBB prevents efficient transport of therapeutic tau mAbs from
blood circulation to the brain. The intranasal drug delivery approach
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can bypass the BBB and thus is amenable for direct delivery of brain-
targeted therapeutic drugs (23, 53). However, despite efficient delivery
to the brain, intranasally delivered tau mAbs are poorly internalized
by neurons, resulting in intact intracellular tau and immunotherapy
failure (5). Here, to investigate their therapeutic potential, we as-
sessed the brain and cellular distribution of TTCM2-ms after intra-
nasal administration to hTau mice—a transgenic mouse model of
human tauopathy, which expresses all six isoforms of human tau
protein and exhibits cognitive dysfunction and tau pathology in
an age-dependent manner (54). Aged hTau and wild-type (WT)
mice were intranasally treated with Alexa Fluor (AF) 568-labeled
TTCM2-ms or a nonspecific immunoglobulin G (IgG) control anti-
body (anti-rhodamine antibody) and euthanized 3 hours after treat-
ment. After perfusion, brain tissues were extracted, and unfixed
tissues were immediately analyzed by ex vivo fluorescence imaging
and immunofluorescence microscopy (Fig. 2A). Imaging results in-
dicate that TTCM2-ms readily reached the brain, exhibiting a

Fig. 2. Intranasally administered TTCM2-ms
rapidly distribute in the brains of tauopathy

N,

mice. (A) Schematic diagram showing the ex- &
periment design and nose-to-brain drug deliv- H
ery pathway, which circumvents the BBB and “
efficiently delivers drugs to various brain re- 3 hours

gions. Intranasal administration of AF568-labeled
TTCM2-ms (15 pl per nostril; 30 pl per mouse) was
performed on lightly anesthetized animals, and
mice were euthanized 3 hours after treatment.
After perfusion, brain tissues were extracted, and
unfixed tissues were immediately analyzed for
ex vivo fluorescence imaging and immunofluo-
rescence microscopy. (B) Left: Representative
heatmaps of high radiant efficiency in ex vivo
whole brain (top) and brain slices (bottom) of
hTau and WT mice intranasally treated with
TTCM2-ms or IgG-ms. The scale indicates the min-
imum (blue) and maximum (red) radiant efficien-
cy in the brain tissues. Untreated WT mice were
used as a baseline. Right: Average radiant effi-
ciency from three mice per treatment group.
Graphs show the mean + SEM. Significance was
determined by one-way ANOVA followed by
Tukey'’s test. ***P < 0.001. (C) Representative im-
munofluorescence images depicting the neuronal c
postsynaptic marker, PSD95 (green), TTCM2-ms
(red), and DAPI (blue) in the olfactory bulb (Ob),
hippocampus (Hp), cortex (Cx), cerebellum (Cb),
and thalamus (Thl). Scale bars, 20 uM. The data
are representative of three mice. (D) Represen-
tative immunofluorescence images showing
TTCM2 in the hippocampi of hTau tauopathy
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radiant efficiency that is significantly increased (P < 0.001) in hTau
mice relative to WT control mice (Fig. 2B). In contrast, radiant effi-
ciency of IgG-ms retention was similar in hTau mice and WT mice
(Fig. 2B), suggesting that TTCM2-ms antibody has higher affinity
and specificity to recognize and target the pathological tau present
in the brains of tauopathy mice. It is important to note that the in-
tranasal delivery approach bypasses the BBB and delivers drugs to
the brain within minutes (55, 56). Thus, regardless of the BBB integ-
rity, intranasally administered TTCM2-ms and IgG-ms are effi-
ciently delivered in the brains of hTau mice. Given the higher
pathological tau loads in the aged hTau tauopathy mice relative to
WT controls (54, 57, 58), we observed an increased retention of
TTCM2-ms in tauopathy mice (Fig. 2B).

We then evaluated TTCM2-ms distribution in hTau mouse brain
sections using the neuronal postsynaptic marker postsynaptic den-
sity protein 95 (PSD95) (Fig. 2C). We found that 3 hours after intra-
nasal administration, TTCM2-ms (red) followed the nose-to-brain
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mice after intranasal delivery. TTCM2-ms (red)
colocalized with AT8-positive tau aggregates
(green). Arrows highlight areas of colocalization
between AT8 and TTCM2-ms. (E) The scatterplot
illustrates significant colocalization between
TTCM2-ms and AT8, as indicated by Pearson’s
correlation coefficient (PCC) of 0.83.
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drug delivery route and were distributed in various brain regions,
including the olfactory bulb, hippocampus, cortex, cerebellum, and
thalamus (Fig. 2C). In addition, we observed that TTCM2-ms can
reach into neuronal intracellular compartments as shown by colo-
calization between TTCM2 (red) with PSD95 (green) (Fig. 2C).
Subsequently, we explored the target engagement of intranasally de-
livered TTCM2-ms in the brains of hTau mice by staining brain tis-
sues with AT8 antibody (green) and determined its colocalization
with TTCM2-ms (red). Immunofluorescence microscopy revealed a
colocalization between TTCM2-ms and AT8-positive pathological
tau aggregates (Fig. 2D). Scatterplot demonstrated a significant co-
localization between TTCM2 and ATS, as indicated by a Pearson’s
correlation coefficient of 0.83 (Fig. 2E). Therefore, our findings indi-
cate that intranasally administered TTCM2-ms rapidly distributed
across the brains of hTau mice, entered the intracellular compart-
ments of neuronal cells, and engaged with pathological tau in vivo.

A single intranasal TTCM2-ms treatment ameliorates tau
pathology and cognitive decline in aged tauopathy mice

We next determined whether intranasal administration of TTCM2-
ms ameliorates tau pathology and cognitive decline in aged hTau
mice. Beginning at 15 months of age, the time when these animals
show advanced-stage tau pathology and cognitive impairment (24,
54), both male and female hTau mice were treated with a single dose
of intranasal TTCM2-ms or IgG-ms. Hippocampus-dependent spatial
memory and exploration potential of aged hTau mice were mea-
sured using the Y-maze test immediately before and at 2 weeks after
intranasal administration. Mice were also subjected to the novel
object recognition (NOR) test at 2 weeks post-intranasal TTCM2-
ms or IgG-ms treatment. After behavior testing, mice were eutha-
nized, and brains were processed for biochemical and pathological
analyses (Fig. 3A). Compared with IgG-ms-treated hTau mice,
TTCM2-ms-treated hTau mice exhibited a significantly (P < 0.01)
enhanced discrimination index, indicative of a greater tendency to
explore a novel object than a familiar one (Fig. 3, B and C). More-
over, TTCM2-ms-treated hTau mice performed markedly better in
the Y-maze test, suggesting that TTCM2-ms treatment alleviated
short-term memory loss in mice with established tauopathy (Fig. 3D).
Consistent with these findings, compared with IgG-ms-treated
hTau mice, TTCM2-ms-treated hTau mice showed increased pro-
tein levels of neuronal markers, including PSD95, synaptophysin,
and neuronal nuclear protein (NeuN) in the hippocampus—the re-
gion associated with memory formation and cognitive functions
(Fig. 3, E to H). Immunofluorescence microscopy also showed an
increase in the number of NeuN-positive cells in the hippocampi of
TTCM2-ms-treated hTau mice (fig. S2, A and B).

A distinctive characteristic of hTau mice is the development of
disease-relevant tau pathology, including the appearance of NFTs
and phosphorylated tau aggregates by 12 months of age (24, 54).
To determine whether these pathologic features are affected by
TTCM2-ms treatment, we assessed NFTs using thioflavin-S staining
and measured phosphorylated tau by immunofluorescence staining
with pathological tau-specific antibodies, including AT8 (anti-pTau
S202 and T205), AT100 (anti-pTau T212 and S214), and AT180
(anti-pTau T231) (24, 59), in brain sections from IgG-ms- and
TTCM2-ms-treated hTau mice (Fig. 4). Results show that NFT
deposition was significantly (P < 0.01) reduced after intranasal
TTCM2-ms treatment (Fig. 4, A and C). Consistent with this find-
ing, intranasal TTCM2-ms treatment reduced AT8-, AT100-, and

Gaikwad et al., Sci. Transl. Med. 16, eadj5958 (2024) 3 July 2024

AT180-positive pathological tau species (Fig. 4, B and D to L, and
fig. S2, C and D). Immunoblot analyses revealed reduced protein
levels of high-molecular weight tau aggregates (detected by Taul3),
oligomeric tau (detected by T22), phosphorylated tau (detected
by AT8, AT100, and AT180), and misfolded tau conformations
(detected by TTC18) in brains of TTCM2-ms-treated relative to
IgG-ms-treated mice (fig. S3). Conversely, monomeric tau (approx-
imately 50 kDa; detected by Tau 13) was unaltered by TTCM2-ms
treatment (fig. S3). Together, these results suggest that intranasal
TTCM2-ms treatment removes pathological tau aggregates in the
brain and ameliorates cognitive impairments in hTau mice.

TTCM2-ms clear intracellular tau aggregates through
cytosolic Fc receptor TRIM21

TRIM21 is a cytosolic Fc receptor and E3 ubiquitin ligase that rec-
ognizes intracellular antibody-bound proteins (for example, antigens
and pathogens) and triggers their clearance by the ubiquitin-
proteasome degradation pathway (60). During this process, TRIM21
and the antibody are also degraded (60). TRIM21 is widely ex-
pressed and active in different cell types, including neurons (61, 62).
TRIM21 exhibits broad antibody isotype specificity, with the ability
to bind IgG, IgM, and IgA (63); thereby, TRIM21 promotes degrada-
tion of antibody-bound pathological tau aggregates (64). Therefore,
we assessed whether TRIM21 is involved in the clearance of intracel-
lular pathological tau from neurons by TTCM2-ms. We established
primary neuronal cultures from hTau mice and exposed them to tau
seeds (AD-BDTOs) for 24 hours to induce intracellular tau pathol-
ogy. After the seeding period, the cultures were treated with either
TTCM2-ms or IgG-ms for varying time intervals. We observed
recruitment of bright TRIM21 foci to the TTCM2-ms-tau complex
30 min after TTCM2-ms treatment. Both TRIM21 and the
TTCM2-ms-tau complex were cleared after 1 hour of TTCM2-ms
treatment, as evidenced by the decreased fluorescence intensity of
total tau (Tau5; green) (Fig. 5, A and B) and TauO (T22; red)
(Fig. 5C), as well as the reduced size of tau aggregates (Fig. 5D) and
number of TRIM21 puncta (TRIM21; magenta) (Fig. 5E). These
data suggest that the TTCM2-ms-tau aggregate complex rapidly
promotes recruitment of TRIM21 and clears antibody-bound tau
aggregates. The number of TRIM21 puncta per cell in IgG-ms- and
TTCM2-ms-treated cells was similar at 0 min (mean IgG = 154
versus TTCM2 = 147) but increased significantly by TTCM2-ms
treatment at 30 min (mean IgG-ms = 193 versus TTCM2-ms = 267;
P < 0.0001) and decreased significantly at 60 min (mean IgG-
ms = 172 versus TTCM2-ms = 38; P < 0.0001), indicating clearance
of TRIM21 and antibody-bound tau aggregates upon TTCM2-ms
treatment.

To further validate and extend these findings, we investigated the
ability of TTCM2-ms to induce intracellular tau-positive TRIM21
puncta and their subsequent clearance in vivo after intranasal ad-
ministration. To this end, aged hTau mice received intranasal treat-
ment with AF568-labeled TTCM2-ms and were euthanized at 3 and
24 hours posttreatment. Brain tissues were then examined using im-
munofluorescence microscopy. The analyses revealed that at 3 hours
posttreatment, TTCM2-ms readily colocalized with intracellular
TRIM21 and tau aggregates (fig. S4A). In addition, the presence of
TTCM2-ms led to the increased number of puncta for intracellular
TRIM21-positive tau aggregates, indicating that, upon intranasal
delivery, TTCM2-ms can reach the intracellular compartment and
form a complex with intracellular tau aggregates and TRIM21
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Fig. 3. Intranasal TTCM2-ms treatment amelio-
rates cognitive impairments and enhances
presynaptic and synaptic markers in the
brains of hTau mice. (A) Experimental design:
Fifteen-month-old hTau mice were intranasally
treated with a single dose of TTCM2-ms or IgG-

A

hTau mice
15 months old

4
Memory test: YM
y A -

ms. After 2 weeks, animals were subjected to the week
NOR and Y-maze (YM) test, followed by brain pa-
thology analysis. (B and C) NOR test measuring
the impact of intranasal TTCM2-ms or IgG-ms Cc
treatment on memory in hTau mice. Representa- 0.6 *k
tive heatmap (B) and discrimination index (C), 3 0.4 ‘ .I.
indicating time spent exploring old or novel ob- g o
jects for representative TTCM2-ms— and IgG-ms— 5 0.2+ ]
treated mice (n = 6 per group). Significance was E ogod ot
determined by unpaired, two-tailed Student’s é ° u
t test. (D) Y-maze spontaneous alternation test: g 0.2
The percentage of spontaneous alterations was g 0.4+ e®ee
measured before and 2 weeks after TTCM2-ms or i
1gG treatment (n = 6 per group). Graph show the ’ & .
mean + SEM; significance was determined by un- 0-@ ‘V@
paired, two-tailed Student’s t test. (E to H) Immu- © &0“‘
noblot analysis showing the impact of intranasal 5
TTCM2-ms or IgG on the levels of PSD95 (F), syn- F -
aptophysin (G), and NeuN (H) in the hippocampi
of aged hTau mice (n = 6 per group). B-Actin is & 1.0- ]
the loading control. The graphs show the 2
mean + SEM, and significance was determined 2 0.8 -
using an unpaired, two-tailed Student’s t test. ‘s
*P <0.05and **P < 0.01. 2 087

3 0.4 _*_

S

Lo{[x] | ™
(fig. S4B). Furthermore, we observed that & ooll®
TTCM2-ms reduced pathological tau ag- T M
gregates detected by AT8 at 24 hours but é’& \‘3:&
not at 3 hours posttreatment (fig.S4, C A &L

and D). Tau-positive TRIM21 puncta

were increased at 3 hours and decreased

at 24 hours after TTCM2-ms treatment

(fig. S4, B and E). No changes were observed in IgG-ms-treated
mice (fig. S4, C to F). TTCM2-ms also reduced sarcosyl-insoluble
HT7* human tau protein and AT8* pathologically relevant phos-
phorylated tau aggregates (fig. S5, A to C). These observations indi-
cate that upon intranasal delivery, TTCM2-ms readily colocalized
with intracellular antibody receptor TRIM21 and tau aggregates,
resulting in the clearance of pathological tau aggregates from the
brains of aged hTau mice.

To examine the role of TRIM21 in TTCM2-ms-mediated clear-
ance of pathological tau in tau biosensor cells, we conducted TRIM21
silencing using small-interfering RNA (siRNA). To this end, cells
were first treated with TRIM21 or control siRNAs for 48 hours. Then,
the cells were exposed to preincubated AD-BDTO and TTCM2-ms
complexes (at a 1:4 ratio). After 3 hours, tau aggregate clearance
was examined by immunoblots and immunofluorescence micros-
copy. Immunoblot analyses showed that TRIM21 siRNA reduced
TRIM21 protein levels compared with control siRNA (Fig. 5, F and G).
In control siRNA-treated cells, TTCM2-ms effectively cleared tau
aggregates (Fig. 5, F and H), whereas tau clearance was impaired
in TRIM21-siRNA-treated cells (Fig. 5, F and H). In addition, im-
munofluorescence analysis indicated that control siRNA-treated
cells markedly cleared intracellular tau aggregates compared with
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TRIM21-siRNA-treated cells (Fig. 5, I to K). These data indicate that
TRIM21 is essential for TTCM2-ms-mediated clearance of intracel-
lular tau aggregates. TauRD, expressed by tau biosensor cells, con-
tains aggregation-competent residues that form pathological tau
aggregates (13, 65-70).

To understand the nature of TTCM2’s immunoreactivity with
TauRD, specifically whether it is conformation dependent, like full-
length tau, we conducted immunoblot assays using cell lysates from
tau biosensor cells and control untransfected human embryonic
kidney (HEK) cells. These cell lysates were subjected to ND or D
conditions by urea and heat treatment, followed by immunoblotting
with TTCM2. We observed that TTCM2 exhibited strong immuno-
reactivity with TauRD aggregates in ND conformations but showed
weak immunoreactivity after denaturation (fig. S5E). No immuno-
reactivity was observed in control HEK cells (fig. S5E), indicating
that TTCM2’s immunoreactivity with TauRD is both conformation
dependent and specific. Collectively, our data suggest that upon in-
tranasal administration, TTCM2-ms formed complexes with the
cytosolic Fc receptor TRIM21 and tau aggregates, thereby promot-
ing clearance of tau pathology. Our findings align with previous
studies that have established the crucial role of TRIM21 in effective
tau immunotherapy (64, 71).
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Fig. 4. Intranasal TTCM2-ms treatment reduces

A

AT8:DAPI

tau pathology in the brains of hTau mice.
Representative images of thioflavin-S staining
(A) and quantification of NFTs (C) per region of
interest (ROI) in brains from 15-month-old hTau
mice intranasally treated with IgG-ms or TTCM2-ms.
Scale bar, 100 pm. The graph shows the mean +
SEM number of tangles (n = 6 per group). Signifi-
cance was determined by unpaired, two-tailed
Student’s t test. (B) Representative immunofluo-
rescence images of phosphorylated tau detected 400
by AT8 (B) and its quantification (D to F) in brains .
from 15-month-old hTau mice intranasally treat- 3004 .
ed with IgG-ms or TTCM2-ms. Scale bar, 20 pm.
The graphs show RFI of AT8" tau aggregates (D),
perimeter of AT8-positive tau aggregates (E), and
number of AT8-positive cells (F) (n = 6 mice per
group). Representative immunofluorescence im-
ages of phosphorylated tau detected by AT100
(G) and its quantification (I and J) in brains from
15-month-old hTau mice intranasally treated
with 1gG-ms or TTCM2-ms. Scale bar, 20 pm. The
graph shows the mean + SEM perimeter of
AT100* tau aggregates (I) and RFl of AT100* tau
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aggregates (J) (n = 6 per group). Significance was
determined by unpaired, two-tailed Student’s
t test. Representative immunofluorescence im-
ages of phosphorylated tau detected by AT180
(H) and its quantification (K and L) in brains from
15-month-old hTau mice intranasally treated
with 19G-ms or TTCM2-ms. Scale bar, 20 pm.
The graph shows the mean + SEM perimeter of
AT180* tau aggregates (K) and RFl of AT180% tau
aggregates (L) (n = 6 per group). Significance
was determined by unpaired, two-tailed Student’s
t test (*P < 0.05 and **P < 0.001).
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TTCM2-ms efficiently internalize
into intracellular compartments and
clear seed-competent, intracellular
tau from the brains of

aged hTau mice

Given that pathological tau aggregates
are primarily intraneuronal in AD and
other tauopathies, therapeutic tau antibodies should be able to ef-
ficiently reach the intracellular compartments (72). We therefore
measured the internalization efficiency of TTCM2 by treating
hTau-expressing cells (green) with AF568-labeled TTCM2 (red)
with or without ms at 4° or 37°C and analyzed by fluorescence mi-
croscopy. We observed a substantial increase in binding and inter-
nalization of TTCM2-m:s relative to TTCM2 in phosphate-buffered
saline (PBS), which displayed only marginal binding and internal-
ization (Fig. 6, A to D).

To achieve clinical relevance, tau antibodies must not only neu-
tralize tau seeding activities but also clear preexisting intracellular
tau pathology (5, 20, 21). To determine whether TTCM2-ms treat-
ment in biosensor cells can clear preexisting intracellular tau ag-
gregates (11), cells were treated with AD-BDTO seeds for 24 hours
to establish intracellular tau aggregates and then incubated with or

RFI of AT100* aggregates (a.u.) &~

o
1

&
&

&
<«°‘Q

Gaikwad et al., Sci. Transl. Med. 16, eadj5958 (2024) 3 July 2024

20 pm

-

IgG-ms TTCM2-ms

TTCM2-ms

A

* % * %

N
o
]

80,000

* %

80,000

-
(%]
1
.

60,000 °e 60,000

-
o
1

40,000 40,000

3,
1

20,000

Perimeter of AT180*
tau aggregates (pmz)

20,000 =

o
I

0- 0-

RFI of AT180" aggregates (a.u.) ™

(}
2
s

%,
Y.

)>O

without TTCM2-ms for 3 hours. Fluorescence microscopy was
used to assess tau clearance (Fig. 6E). Results indicated that intra-
cellular tau aggregates were formed in AD-BDTO-treated cells.
TTCM2-ms treatment reduced the number of tau aggregate—positive
cells and decreased the size of the intracellular tau aggregates
(Fig. 6, F to H), suggesting clearance of preexisting intracellular tau
aggregates. We further hypothesized that TTCM2-ms-mediated
removal of seed-competent tau conformers may be associated with
reduced tau pathology in the brains of aged hTau mice. To test this
possibility, we measured seeding activities of brain homogenates
from IgG-ms- and TTCM2-ms-treated hTau mice (Fig. 6I). We
found that brain homogenates from IgG-ms-treated control mice
exhibited enhanced seeding activity, as evidenced by the formation
of tau aggregates in tau biosensor cells. Conversely, brain homoge-
nates from TTCM2-ms-treated mice displayed a marked reduction
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Fig. 5. Cytosolic Fc receptor TRIM21 is linked T22
to TTCM2-ms antibody-mediated clearance
of intracellular tau aggregates. (A) Immuno-
fluorescence analysis of primary cortical neu-
rons treated with AD-BDTOs for 24 hours to
establish intracellular tau aggregates. Subse-
quently, the cells were washed and treated with
1gG-ms or TTCM2-ms for 0 to 60 min. Intracellu-
lar TRIM21-tau puncta are indicated by arrows.
(B to E) Quantification of total tau (tau5; green)
(B), TauO (T22, red) (C), size of the tau aggregates
(D), and number of TRIM21-positive tau puncta
(E) at 0, 30, and 60 min. Graphs represent the
mean + SEM from four experiments. Signifi-
cance was determined by one-way ANOVA fol-
lowed by Tukey’s test. (F to H) Immunoblot
analysis and quantification of TRIM21 and tau
aggregates in cell lysates from the cells treated
with control or TRIM21 siRNAs followed by expo-
sure to AD-BDTOs:TTCM2 at a 1:4 ratio. f-Actin is
the loading control. (I) Immunofluorescence
analysis to assess the clearance of AD-BDTOs in
cells treated with TRIM21-siRNA or control siRNA
by TTCM2, using AD-BDTOs:TTCM2 at a 1:4 ratio.
(J to K) The graphs showing the mean + SEM RFI
of AD-BDTOs (J) and relative AD-BDTO area (K)
from four experiments in (I). Significance was
determined by unpaired, two-tailed Student’s
ttest. *P<0.05, ***P <0.001,and ****P < 0.0001.

A

0 min

30 min

60 min

in tau-seeding activity (Fig. 6, ] and K),
suggesting that TTCM2-ms treatment
effectively removed seed-competent tau
aggregates from the brains of hTau mice
with tauopathy.

Control
siRNA

H

TTCM2-ms treatment clears
intracellular and synaptic tau
aggregates from the brains of
tauopathy mice

Tau aggregates isolated from synaptic
compartments of mouse and human 0
AD brains exhibit tau-seeding activity,

which promotes tauopathy progression

and cognitive deficits (46, 73, 74). An

absence of TauO in synapses is linked to better cognitive function
in individuals with high AD neuropathology (75, 76), suggesting
that pathological tau in synapses may preferentially cause synaptic
loss and cognitive decline. Therefore, we examined whether TTCM2-
ms can remove synaptic tau aggregates from the brains of aged
tauopathy mice. To this end, brain sections from IgG-ms- and
TTCM2-ms-treated hTau mice were stained with anti-tau antibody
(Tau HT7) and a synaptic marker (anti-PSD95 antibody), followed
by microscopic analysis. As evidenced by HT7 tau and PSD95 colo-
calization, TTCM2-ms-treated mice exhibited decreased protein lev-
els of total tau aggregates (Tau HT7, red) and within PSD95-positive
synaptic compartments (PSD95, green) in the brains of aged hTau
mice compared with IgG-ms-treated mice (Fig. 7, A to D). We also
found that the number of PSD95 puncta was significantly (P < 0.01)
increased in the brains of TTCM2-ms-treated mice compared with

w
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IgG-ms-treated mice (Fig. 7, A and E). In addition, we found
reduced T22 antibody-positive TauO (green) in synaptophysin 1-
positive synaptic compartments (synaptophysin 1; red) in TTCM2-
ms-treated hTau mice (fig. S6, A to D). Furthermore, the number
of synaptophysin 1 puncta was significantly (P < 0.01) increased
in the brains of TTCM2-ms-treated mice compared with IgG-
ms—treated mice (fig. S6, A to D). These findings indicate that
TTCM2-ms effectively clear pathological tau aggregates from in-
tracellular and synaptic compartments of neurons in the brains of
hTau mice.

Cryo-electron microscopy studies have shown that tau forms
distinct pathological tau structures known as tau strains/poly-
morphs (77, 78). This diversity of tau strains/polymorphs drives
specific neuropathological features in AD, PiD, PSP, and CBD
(77, 78). Tau aggregates exhibit protease K (PK)-resistant cores,
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Fig. 6. TTCM2-ms are efficiently internalized A

4°C

and clear seed-competent tau from the brains
of aged hTau mice. (A and B) Representative
images showing the internalization of TTCM2-
ms at 4°C (A) and 37°C (B). Cells expressing hTau
(green) were exposed to AF568-labeled TTCM2
or TTCM2-ms for 30 min, followed by washing
to remove unbound/extracellular antibodies.
(€ and D) Quantification of RFIs of AF568-labeled
TTCM2 measured at 4°C (C) and 37°C (D) to
detect binding and internalization, respectively.
The graphs show the mean + SEM; n=8to 10 ROIs
from three experiments. Significance was deter-
mined by unpaired, two-tailed Student’s t test.
(E) Experimental design to assess clearance of
intracellular tau aggregates. Tau biosensor cells
incubated with AD-BDTOs for 24 hours to estab-
lish intracellular tau aggregates were treated
with or without TTCM2-ms antibody for 3 hours.
(F) Representative images showing size of tau
aggregates (green) in AD-BDTO-treated cells +
TTCM2-ms. (G) Percentage of FRET-positive cells
and (H) size of tau aggregates in AD-BDTO-treated
cells £ TTCM2-m:s. Significance was determined
by unpaired, two-tailed Student’s t test. Graphs
represent the mean + SEM from four experi-

Untreated

TTCM2 + PBS

TTCM2-ms

(@)

200,000

150,000

100,000

ments. (I) Schematic showing experimental strat-
egy for detecting tau-seeding activity in brain 0-
homogenates of tauopathy mice intranasally
treated with IgG-ms or TTCM2-ms. (J) Represen-
tative images showing tau-seeding activity in
IgG-ms— and TTCM2-ms-treated mice; untreated
control is shown at left. DAPI (blue) counterstain |
was used to detect total nuclei. Scale bar, 20 pm.
(K) Percentage of FRET-positive cells in TTCM2-
ms— versus IlgG-ms-treated mice (n = 4 brain
homogenates per group). Significance was de-
termined by one-way ANOVA followed by
Tukey'’s test. Graph represents the mean + SEM.
##P < 0.01, ¥**P < 0.001, and ****P < 0.0001.

RFI AF568-TTCM2

50,000

1gG-ms-treated mice

—

LR

TTCM2-ms-treated mice

and their distinct strains or polymorphs
can be distinguished by their PK-
resistant patterns (13, 79-81). We used
PK digestion analysis to investigate
structural differences of tau aggregates
within brain homogenates of IgG-ms— and TTCM2-ms-treated
mice. Homogenates were treated with PK at various concentra-
tions (0 to 20 pg/ml) for 1 hour, and digestion patterns were
evaluated by immunoblot using different sequence-specific tau an-
tibodies, including Tau5 (recognizes the middle region), RD4
(recognizes the four-repeat isoform), and Tau46 (recognizes the
C-terminal sequence). We found that tau aggregates in brain ho-
mogenates from IgG-ms-treated mice were resistant to PK diges-
tion, an indicator of compacted tau structures (82), whereas tau
aggregates in brain homogenates from TTCM2-ms-treated mice
were sensitive to PK digestion, an indicator of relaxed tau struc-
ture (fig. S7, A to C) (82). Immunofluorescence staining analyses
further validated the differential PK sensitivity of tau in IgG-ms-
versus TTCM2-ms-treated mice (fig. S8, A and B).

Control
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DISCUSSION

The primary pathological hallmark of neurodegenerative tauopa-
thies is the formation of intracellular tau aggregates. In the brains of
patients afflicted with tauopathies, an abundant proportion of path-
ological tau localizes within the intracellular and synaptic compart-
ments of neurons (5, 83, 84). These neurons release tau seeds into
the extracellular space, where they enter neighboring cells and fa-
cilitate tau aggregation, thereby promoting tauopathy progression
(10, 84-86). Distribution of pathological tau strongly correlates with
clinical severity and neurodegeneration in patients with AD (2, 3).
However, development of therapeutic antibodies against tau faces
challenges related to poor bioavailability, limited brain uptake, and
inadequate internalization by neurons. As a result, therapeutic anti-
bodies are unable to effectively clear intracellular tau pathology,
leading to failure in improving cognition in clinical trials. These
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Fig. 7. TTCM2-ms treatment promotes the A
clearance of tau aggregates from synaptic
compartments in brains of hTau mice. (A) Im-
munostaining for PSD95 (red) and Tau HT7
(green) and (B) quantification of RFI of tau in
PSD95-positive compartments in brain tissue
from 15-month-old hTau mice intranasally
treated with TTCM2-ms or IgG-ms (n = 6 mice
per group). Scale bars, 20 pm. (C) RFI of total tau
(Tau HT7, green). (D) Pearson correlation coeffi-
cient analysis assessing colocalization between
HT7 tau and PSD95. (E) Number of PSD95 puncta/
ROIs in the brains of 15-month-old hTau mice
intranasally treated with TTCM2-ms or IgG-ms
control. Graphs show the mean + SEM, n =6
mice per group. Significance was determined
by unpaired, two-tailed Student’s t test (**P <
0.01 and ****P < 0.0001).

Tau HT7
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—
. 60007 @
challenges provide the impetus for ad- §'§ o
vancements in tau immunotherapy (5, 6). P S 4500+
Here, we report that, (i) in brain tis- £ 2
sues from patients with neurodegenera- & £ 3000+
tive tauopathies, including AD, DLB, E §_
and PSP, TTCM2 specifically recognized %5 § 15007
pathological tau and effectively neutral- g ° o o
ized the seeding activity of AD-BDTOs. & .
(i) Upon intranasal administration, 0,«‘"’ “3;@
TTCM2-ms rapidly and efficiently dis- &

tributed across various brain regions in

hTau mice and engaged with pathological

tau in intracellular compartments of neurons in vivo. (iii) TTCM2-
ms treatment promoted clearance of pathological tau aggregates,
including NFTs and phosphorylated and oligomeric tau from brains
of aged hTau mice, leading to improved cognitive functions. (iv)
TTCM2-ms readily colocalized with TRIM21 and pathological tau
complexes and facilitated clearance of intracellular tau aggregates.
We found that TRIM21 was essential for TTCM2-ms-mediated
clearance of intracellular tau aggregates. (v) TTCM2-ms effectively
cleared seed-competent, intracellular, and synaptic tau from the
brains of aged hTau mice. Together, these findings highlight the cru-
cial role of seed-competent pathological tau conformations in dis-
ease progression and cognitive decline, as well as the potential of
intranasal administration of TTCM2-ms as a promising strategy for
rapidly and effectively removing intracellular pathological tau from
the brain. Thus, this work advances our understanding of tau pathol-
ogy progression and provides key insights that may lead to improved
immunotherapies for halting tauopathy progression and improving
cognitive functions.

In the past decade, tau immunotherapy has progressed from
proof-of-concept experiments to several clinical trials (19, 87).
However, mAbs that exclusively target extracellular tau have failed
clinical testing. This outcome is expected, considering that the ma-
jority of pathological tau resides within the intracellular and synap-
tic compartments of neurons, with only a small fraction found
extracellularly (6, 88). Thus, effective clearance of intracellular tau
aggregates is necessary for achieving clinical benefits. Studies in
mouse models have revealed that conventionally delivered tau im-
munotherapy primarily focuses on reducing the deposition and
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spread of tau pathology in young to middle-aged tauopathy mice.
However, its effectiveness diminishes in aged animals with well-
established tau pathology (89). Moreover, because of the BBB, only
a minimal fraction (0.1 to 1%) of therapeutic mAbs delivered
through conventional routes reach the brain from the circulation
(90, 91). Here, we used intranasal delivery, which allows direct
delivery of antibodies into the brain through the olfactory and tri-
geminal nerves, bypassing the BBB (92). We observed that upon in-
tranasal treatment, TTCM2-ms efficiently reached various regions
of the brain, including the olfactory bulb, cortex, hippocampus, cer-
ebellum, and thalamus, as indicated by ex vivo fluorescence imag-
ing, demonstrating successful delivery to the brain. We also found
that intranasally administered TTCM2-ms colocalized with the syn-
aptic compartments. In some instances, whole cellular bodies were
stained by TTCM2-ms, indicating delivery to the intracellular and
synaptic compartments. These observations align with numerous
studies consistently showing the presence of pathological tau in
various cellular regions, including the dendritic, somatic, and axo-
nal compartments of neuronal cells (25, 93-95). Clinical and pre-
clinical studies have shown that intranasal drug delivery can
effectively and safely treat brain pathologies (96-100). This evidence
supports the feasibility of direct delivery of tau mAbs through the
nose-to-brain pathway in patients with tauopathies, potentially for
diagnostic and therapeutic purposes. Our results are particularly
noteworthy because TTCM2-ms demonstrate rapid and efficient
distribution in various brain regions upon intranasal administra-
tion. Furthermore, TTCM2-ms internalized into intracellular com-
partments, effectively clearing intracellular tau pathology in older
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tauopathy mice with established disease (54, 101). In addition,
TTCM2 specifically detects pathological tau aggregates in brain tis-
sue from patients with AD, DLB, and PSP.

Synaptic accumulation of tau aggregates leads to cognitive de-
cline in tauopathies (76). These aggregates serve as seeds, promot-
ing further aggregation and the spread of tau pathology (46, 73).
Thus, effective clearance of intracellular and synaptic tau aggregates
is crucial for improving cognitive function. We investigated the
impact of intranasal TTCM2-ms treatment on hippocampus-dependent
learning and memory in 15-month-old hTau mice using the
Y-maze and NOR tests. A single dose of intranasal TTCM2-ms im-
proved cognitive functions in aged tauopathy mice. The beneficial
effects of TTCM2-ms treatment included reductions in NFT depo-
sition, phosphorylated tau, and oligomeric tau aggregates, whereas
monomeric tau protein levels remained unaltered. Our findings
are consistent with previous studies showing that inhibiting tau-
seeding activity and clearing synaptic tau aggregates resulted in re-
duced tau pathology progression and improved cognitive functions
in various mouse models of AD (16, 73, 83, 102-105). Moreover,
our observations are supported by prior studies showing that im-
munotherapy using conformation-specific tau mAbs efficiently
reduces tau pathology, neuronal loss, and cognitive impairments
in different AD animal models (15, 17, 18, 104, 106-108). Thus,
targeting seed-competent, toxic tau conformations through intra-
nasal delivery of TTCM2-ms may represent a promising therapeu-
tic strategy for tauopathies.

The mechanisms underlying antibody-mediated clearance of
tau aggregates are not yet fully elucidated, and several possible
pathways have been proposed. These include blocking neuronal tau
uptake (16), clearing antibody-bound tau by the TRIM21 pathway
(109), and FcyRII/III-dependent endolysosomal degradation (110).
Recent evidence from Lee et al. (89) demonstrated that FcyR and
microglia are not necessarily involved in antibody-mediated clear-
ance of tau aggregates. Our observation of the essential role of
TRIM21 in the clearance of tau aggregates is in line with previous
reports (64, 109), emphasizing the critical role of TRIM21 in effec-
tive tau immunotherapy. TRIM21 is endogenously expressed in
neurons and human brain (62), and its basal protein levels are
sufficient for antibody-mediated protein degradation through the
ubiquitin-proteasome pathway (111). In a recent high-profile study,
Mukadam et al. (71) demonstrated that 17 weeks of weekly intra-
peritoneal administration of the tau-mAb AP422 reduced tau
pathology and seed-competent tau in the brains of PS19 mice, a
model of tauopathy. TRIM21-deficient mice failed to exhibit the
protective effects of tau-mAb AP422 against tau pathology, high-
lighting the essential role of TRIM21 in tau immunotherapy in vivo
(71). Mukadam et al. (71) used a long-term immunotherapy ap-
proach, administering anti-tau antibodies (30 mg/kg per dose) last-
ing 8 to 16 weeks to achieve effective clearance of intracellular tau
pathology by the TRIM21 pathway. In contrast, with just a single
intranasal dose of TTCM2-ms (1 mg/kg), we observed effective and
rapid clearance of intracellular tau pathology. This demonstrates
that a single dose of antibody delivered through noninvasive intra-
nasal administration is sufficient to achieve beneficial effects. Fur-
ther investigation is warranted, specifically regarding its long-term
effects, to fully understand its efficacy and potential clinical impli-
cations. In this context, our previous studies indicated that a single
dose of anti-tau antibody provides protection for a minimum of
2 months (112).

Gaikwad et al., Sci. Transl. Med. 16, eadj5958 (2024) 3 July 2024

Data from various laboratories demonstrate that different tauopa-
thies are characterized by unique tau strains or polymorphs. These
tau strains or polymorphs indefinitely propagate tau pathology both
in vitro and in vivo, contributing to the development of unique neu-
ropathological patterns (13, 79-81). PK digestion results revealed
that brain homogenates from IgG-ms-treated mice showed PK-
resistant tau aggregates, indicating compacted tau structures. Brain
homogenates from TTCM2-ms-treated mice exhibited PK-sensitive
tau aggregates, suggesting relaxed tau structure. These findings indi-
cate that aged hTau tauopathy mice treated with IgG exhibit different
PK-resistant tau strains or polymorphs compared with TTCM2-
treated mice, and TTCM2-ms effectively cleared PK-resistant tau ag-
gregates. The distinct pattern of PK digestion observed in this study
may indicate the existence of different tau strains or polymorphs in
the brains of aged hTau tauopathy mice. This finding is consistent
with previous studies that have reported the presence of diverse tau
strains/polymorphs in both mouse and human tauopathies (13, 48,
81, 101, 113). Thus, understanding and targeting these tau strains/
polymorphs could contribute to the development of effective immu-
notherapy strategies. Further advancements in methods and reagents
are needed to accurately classify tau strains/polymorphs in patients
with tauopathy. This would enable precise diagnoses and the devel-
opment of effective immunotherapy strategies.

Limitations of this study are as follows: (i) Although our in vitro
and in vivo studies demonstrated that TRIM21 is involved in
TTCM2-ms-mediated clearance of intracellular pathological tau
aggregates, in future studies, it is important to use the TRIM21
knockout mice to better understand the role of TRIM21 in
TTCM2-ms-mediated clearance in tauopathy models. (ii) It re-
mains unclear whether TTCM2-ms directly clear intracellular tau
pathology in glial cells by TRIM21. (iii) Further investigation is
needed to determine whether TRIM21 participates in the clearance
of other intracellular pathological proteins such as a-synuclein and
TAR DNA binding protein (TDP43), which play crucial roles in the
pathophysiology of neurodegenerative diseases.

In summary, our study revealed that a single intranasal dose of
TTCM2-ms efficiently entered the brain and distributed across var-
ious brain regions and targeted pathological tau in cytosolic and
synaptic compartments. TRIM21 recognized the complexes formed
by TTCM2-ms and pathological tau in the cytosol. This distinctive
property facilitated clearance of intracellular tau aggregates from
the brain, leading to improved cognitive functions in aged tauopa-
thy mice. Our work establishes a rapid and efficient approach for
clearance of intracellular tau pathology—a major challenge in the
field of tau immunotherapy. Our findings are consistent with a
recent study demonstrating that TRIM21 is required for effective
tau immunotherapy and clearance of tau pathology in mouse models
(71). Overall, our study provides important mechanistic insights
and strategies for developing effective tau immunotherapy ap-
proaches in neurodegenerative tauopathies.

MATERIALS AND METHODS

Study design

The study aimed to develop TTCM2-ms for rapid clearance of toxic
tau conformations from the brains of aged hTau mice and to evalu-
ate whether intranasal treatment with TTCM2-ms effectively clears
intracellular, synaptic, and seed-competent tau, thereby reducing
the impact on cognitive impairments. This study used rigorous
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scientific methods, statistical analyses, and a focus on reproducibil-
ity to ensure the validity and reliability of the findings. No power
analysis was performed to determine the sample size. Sample sizes
were chosen on the basis of previous experience with tau immuno-
therapeutic studies using the same hTau mouse line and human
postmortem brain tissues. A randomized experimental design was
used, where aged hTau mice were randomly assigned to different
experimental groups. No samples or data points were excluded from
the analyses. Blinded investigators conducted most assays, includ-
ing animal treatments, behavioral testing, tau seeding activities,
quantification of immunofluorescence images, and immunoblot
analyses. Using primary neuronal cultures from hTau mice and Tau
biosensor cells, we tested the effects of TTCM2-ms on intracellular
tau pathology. We determined the mechanism underlying rapid
clearance of intracellular tau aggregates by TTCM2-ms. All animal
experiments were conducted following the guidelines established by
the National Institutes of Health (NIH) and were approved by the
Institutional Animal Care and Use Committee at the University of
Texas Medical Branch, Galveston, Texas. Detailed methodologies
for both in vitro and in vivo experiments can be found in the Sup-
plementary Materials and Methods.

Statistical analysis

All in vitro experiments were performed at least three times. Data
shown represent the means + SEM, analyzed using GraphPad Prism
9. Statistical analyses included the unpaired, two-tailed Student’s
t test or one-way analysis of variance (ANOVA) followed by Tukey’s
test. Differences were considered statistically significant if P < 0.05.
Details of statistical analyses performed for each experiment are de-
scribed in the figure legends. Individual-level data can be found in
data file S1.
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Figs.S1to S11

Table S1
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