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Abstract

Compelling evidence supports vascular contributions to cognitive impairment and dementia
(VCID) including Alzheimer’s disease (AD), but the underlying pathogenic mechanisms and
treatments are not fully understood. Cis P-tau is an early driver of neurodegeneration resulting
from traumatic brain injury, but its role in VCID remains unclear. Here, we found robust cis P-tau
despite no tau tangles in patients with VCID and in mice modeling key aspects of clinical VCID,
likely because of the inhibition of its isomerase Pinl by DAPKZ1. Elimination of cis P-tau in VCID
mice using cis-targeted immunotherapy, brain-specific Pinl overexpression, or DAPK1 knockout
effectively rescues VCID-like neurodegeneration and cognitive impairment in executive function.
Cis mAb also prevents and ameliorates progression of AD-like neurodegeneration and memory
loss in mice. Furthermore, single-cell RNA sequencing revealed that young VCID mice display
diverse cortical cell type—specific transcriptomic changes resembling old patients with AD, and the
vast majority of these global changes were recovered by cis-targeted immunotherapy. Moreover,
purified soluble cis P-tau was sufficient to induce progressive neurodegeneration and brain
dysfunction by causing axonopathy and conserved transcriptomic signature found in VCID mice
and patients with AD with early pathology. Thus, cis P-tau might play a major role in mediating
VCID and AD, and antibody targeting it may be useful for early diagnosis, prevention, and
treatment of cognitive impairment and dementia after neurovascular insults and in AD.

INTRODUCTION

Compelling evidence supports vascular contributions to cognitive impairment and dementia
(VCID) including Alzheimer’s disease (AD) (1, 2). VCID can be broadly caused by reduced
cerebral blood flow due to vascular pathology or dysfunction and is traditionally referred to
as vascular dementia (VaD) (1, 2). However, despite insights into links of vascular factors to
progressive neurodegeneration and memory loss, the underlying pathogenic mechanisms are
unclear and there is no disease-modifying treatment to slow the progression. A
neuropathological hallmark of AD (3, 4) and chronic traumatic encephalopathy (CTE)
associated with traumatic brain injury (TBI) (5) is neurofibrillary tangles (NFTs) made of
hyperphosphorylated tau. Tau hyperphosphorylation disrupts its normal function to bind
microtubules, leading to axonopathy including impaired axonal micro-tubules and transport;
to compromised neuronal and synaptic function; and to increased propensity for tau
oligomerization, aggregation, and tangle formation (3, 4). Ischemic stroke induces some
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limited tau changes, and tau knockout (KO) reduces stroke-induced acute brain damage in
mice (6, 7). However, because there is no NFT in VCID in humans or animal models, VCID
is not generally considered as a tauopathy and little is known about the role of tau in the
progression from neurovascular insults to neurodegeneration (1, 2).

We have identified a unique phosphorylation-specific proline isomerase, Pinl, that inhibits
neurodegeneration in AD by converting the phosphorylated Thr231-Pro motif in tau (P-tau)
from cis to trans conformation in cell, animal models, and human AD tissues (8-11). Using
recently developed cis-trans conformation—specific monoclonal antibodies, we have
identified that cis, but not trans, P-tau is induced upon hypoxic neuronal stress and after TBI
in humans and mouse models, with its concentration depending on injury severity and
frequency, and correlating well with axonal injury and clinical outcome (12, 13). Unlike
physiologic trans isomer, cis P-tau fails to bind or stabilize microtubules and resists protein
degradation or dephosphorylation (14) so that it disrupts axonal microtubule network and
mitochondrial transport, resulting in axonopathy, spreads to other neurons, and leads to
neuron death (12). This process, which we termed “cistauosis,” occurs long before tau
oligomerization and tangle formation but can be blocked by cis P-tau monoclonal antibody
(cis mAb), which enters cells via Fc receptors and targets nondegradable cis P-tau for
Tripartite motif-containing protein (TRIM21)-mediated proteasome degradation (12, 15).
Moreover, eliminating cis P-tau with cis mAb in mice after severe or repetitive TBI prevents
the development of cistauosis, neuropathology, and brain dysfunction, including CTE-like
degeneration after repetitive TBI (12, 13). Others also found that high P-tau (pT231)
concentration in the blood correlated well with poor clinical outcome in patients with acute
and chronic TBI (16). Thus, cis P-tau is likely the causal molecular link between TBI and
CTE, and cis mAb offers a promising therapy for treating tauopathies (12-14, 17), with
humanized cis mAb being currently evaluated in clinical trials (18). However, it remains
unclear whether cis P-tau plays any role in the progression from neurovascular insults to
neurodegeneration and whether cis mAb has efficacy in treating VCID. Here, we uncover
that cis P-tau underlies VCID and AD, and can be effectively targeted by immunotherapy in
mice.

Cis P-tau is induced in patients with VaD and BCAS mice modeling key aspects of clinical

VCID

To explore the role of cis P-tau in VCID, we first examined cis P-tau in human VaD brains.
As expected, verified VaD human brains (table S1) displayed robust markers consistent with
demyelination (P < 0.003 for Luxol fast blue staining and £< 0.007 for 2”,3"-cyclic
nucleotide 3’-phosphodiesterase staining; fig. S1, A and B) and neuroinflammation [P <
0.01 for glial fibrillary acidic protein (GFAP) staining and 2= 0.02 for ionized calcium-
binding adaptor molecule 1 (Ibal) staining; fig. S1, C and D]. None of nine human VaD
brains had any obvious NFTSs, in contrast to the patients with AD or mixed AD and VaD
pathology (Fig. 1, A to C, and fig. S1, E and F). However, we detected robust cis P-tau
signals in the cingulate cortex overlying the corpus callosum in large sections of brains using
immunostaining with near-infrared detection (Fig. 1, D and E). Immunostaining with
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confocal microscopy further confirmed robust cis P-tau signals in all nine patients with VaD,
particularly in the same subcortical regions, with little signals in all eight healthy controls
(Fig. 1, F and G, and fig. S1G). Cis P-tau was localized to axons (Fig. 1H and fig. S1H),
within the surrounding myelin sheath (Fig. 11), in oligodendrocytes (fig. S11) and in
microvascular endothelial cells (fig. S1J), consistent with the findings that phosphorylated
tau has been detected in oligodendrocytes (19) and lung vascular endothelial cells (20).
Thus, robust cis P-tau is detected in human VaD brains.

Because these human VaD brains are at late stages of VCID, critical questions are whether
cis P-tau is induced after vascular insufficiency and plays any role in VCID. Because chronic
cerebral hypoperfusion is a major vascular factor in VCID (2), we examined cis P-tau in the
bilateral common carotid artery stenosis (BCAS) mouse model, where external microcoils
(0.18 mm in diameter) were permanently placed around both common carotid arteries (Fig.
1J) to chronically reduce parenchymal cerebral blood flow by ~50%, especially in the
subcortical brain region (21, 22). This model has been widely used to mimic key aspects of
clinical VCID (21, 22). BCAS surgery significantly induced cis P-tau, especially in the
cortex overlying the corpus callosum (Ctx-CC) at day 14 (P< 0.0001; Fig. 1, K and L).
Thus, cis P-tau is induced in both patients with VVaD and BCAS mice modeling VCID.

Cis mADb rescued VCID-like neurodegeneration and cognitive impairment in BCAS mice

Because VCID-like pathology and brain dysfunction in executive function usually occur at
14 days and become obvious at 28 days after BCAS surgery (21, 22), cis P-tau might affect
the pathological and functional outcomes. To test this possibility, we eliminated cis P-tau in
BCAS mice using cis mAb, which targets non-degradable cis P-tau for TRIM21-mediated
proteasome degradation (12, 14, 15), followed by the assessment of VCID-like pathologies
and executive functions (Fig. 2A). Cis mAb treatment largely inhibited cis P-tau induction
without affecting total endogenous tau (Fig. 2, B and C, and fig. S2, A and B), leading to the
rescue of phenotypes that have been shown in BCAS mice (21, 22), including markers
consistent with neuroinflammation (Fig. 2D and fig. S2, C and D), demyelination (Fig. 2E
and fig. S2E), neurodegeneration (fig. S2, F and G), and loss of myelin-generating
glutathione Stransferase pi (GST-pi) positive mature oligodendrocytes (fig. S2H). Cis mAb
also rescued the pathologies in the cortex overlying the corpus callosum or the corpus
callosum including morphological changes, demyelination and neuroinflammation (figs. S3
and S4). These pathological changes were corroborated by impaired synaptic plasticity via
recording field excitatory postsynaptic potentials (FEPSPs) (Fig. 2F), executive function
assessed using the T maze (fig. S2I), and spatial working memory ability quantified by novel
object recognition tests (Fig. 2G), all of which were rescued by cis mAb.

To characterize the longer-term effects of cis mAb treatment, we performed BCAS to a new
cohort of mice and then treated them with cis mAb or placebo for 6 months (Fig. 2H).
Compared with 28 days after BCAS, there was notable progression of pathologies and
behavioral deficits at 6 months. None of the BCAS mice had detectable tau tangle epitopes
(fig. S5, A to C), consistent with the absence of tangles in patients with VaD. Cis mAb
treatment of BCAS mice again eliminated cis P-tau (Fig. 21 and fig. S5D), inhibited markers
consistent with neuroinflammation and demyelination (fig. S5, E and F), and partially
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prevented the loss of mature oligodendrocytes (fig. S5G). These pathological effects were
consistent with functional outcomes. Placebo-treated mice displayed impairment not only in
spatial memory (Fig. 2J and fig. S5H) but also in motor memory, as assayed by the
accelerating rotarod test (fig. S51). In the accelerating rotarod test, all three groups of the
mice had no difference during the day 1 training phase (baseline), indicating comparable
basal motor function. However, with repeated testing on days 2 (first trial) and 3 (second
trial), sham control mice remained on the accelerating rotarod much longer than on day 1
(baseline), but duration on the rotarod did not increase in placebo-treated BCAS mice,
indicating impaired motor learning and memory. Last, because cis P-tau was present in the
neocortex at 6 months after BCAS and cortical cis P-tau contributes to risk-taking behavior
after TBI (12), we subjected these BCAS mice to the elevated plus maze tests. Most BCAS
mice treated with immunoglobulin G (1gG) placebo displayed “risk-taking” behavior, daring
to explore the two open or “aversive” arms over significantly more time than sham mice,
despite similar distance were traveled among groups (P = 0.01; Fig. 2K). The behavior of cis
mAb-treated BCAS mice was comparable to that of the sham mice in all the behavioral tests
performed. Thus, cis mAb restored most VCID-like neuropathology and brain dysfunction at
1 and 6 months after BCAS.

Pinl is inhibited in patients with VaD and mice with VCID, and Pinl overexpression
reduces cis P-tau, preventing VCID-like pathology and dysfunction in BCAS mice

We next examined Pinl given that it is the only enzyme known to reduce cis P-tau in vitro
and in vivo and that the serum is known to induce Pinl expression in other conditions (9, 10,
14, 23). Active Pinl was significantly reduced in the subregions with high cis P-tau,
especially in the cingulate cortex overlying corpus callosum in human VaD brains and in the
cortex overlying corpus callosum in mouse BCAS brains (human, A= 0.001; mouse, P=
0.004; Fig. 3A and figs. S6 and S7A). Moreover, a putative Pinl enhancer genetic change,
E06-21879, which was predicted to affect Pinl expression (24), is most clearly associated
with VaD in a recent genomewide association study (P = 6.2 x 10741) (Fig. 3B) (25). These
results collectively show that Pinl is reduced in the brains of both patients with VaD and
VCID model mice.

To examine whether Pinl plays any role in VCID-like pathologies and brain dysfunction, we
used brain-specific Pinl transgenic (Pinl TG) mice (Fig. 3, C and D), which overexpress
Pinl under the Thy1.2 promoter and are resistant to cis P-tau induction and
neurodegeneration induced by tau overexpression (14, 26). Pinl TG mice and wild-type
(WT) littermates at 2 months of age were subjected to BCAS surgery, followed by the
assessment of VCID-like pathologies and executive function changes 28 days after the
surgery. In contrast to WT littermates, Pinl TG mice had much reduced induction of cis P-
tau (Fig. 3E), neuroinflammation marker GFAP (Fig. 3F), demyelination (Fig. 3G), and
reversed loss of mature oligodendrocytes (Fig. 3H) after BCAS, although Ibal
immunoreactivity was still increased (Fig. 31). Moreover, BCAS-induced impairment in
executive function was also absent in the Pinl TG mice, as assessed using the T maze and
novel object recognition tests (Fig. 3, J and K). Thus, Pin1 was reduced and correlated with
cis P-tau in patients and mice with VCID, and Pinl overexpression prevented VCID-like
pathology and memory loss in model mice.
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DAPK1 KO reduces Pinl inhibition and cis P-tau induction and prevents VCID-like
pathology and dysfunction in BCAS mice

To further examine upstream regulators leading to Pinl inhibition after neurovascular
insufficiency, we examined death-associated protein kinase 1 (DAPKZ1), because this kinase
is known to be activated after stroke (27) and to phosphorylate Pinl S71, thereby inhibiting
Pinl isomerase activity in neuronal cells (28). Both DAPK1 and Pinl1 S71 phosphorylation
were increased in the Ctx-CC in BCAS mice (28 days after surgery) and patients with VaD,
despite decreases in active Pinl expression (figs. S7, B to D, and S8, A to D). To further test
whether DAPK1 functions in induction of cis P-tau, VCID-like pathology, and brain
dysfunction, we subjected DAPK1 KO mice (28) and WT littermates to BCAS. DAPK1 KO
potently eliminated the induction of Pinl1 S71 phosphorylation (fig. S8, C and D), cis P-tau
(fig. S8, E and F), and markers consistent with neuroinflammation (fig. S8, G to J) and
demyelination (fig. S8, K and L) in BCAS mice. Moreover, DAPK1 KO mice did not have
impaired executive functions 1 month after BCAS surgery, in contrast to the WT littermate
controls, as assessed using the T maze and novel object location recognition tests (fig. S8, M
and N). Thus, BCAS leads to cis P-tau induction likely due to Pinl inhibition by activated
DAPK1, whereas reducing cis P-tau by Pinl overexpression or DAPK1 KO prevented
VCID-like pathology and impairment in executive function in BCAS mice.

Cis mADb prevented and ameliorated progression of AD-like neurodegeneration and
memory loss in mice

Given well-known vascular contributions to AD and cis P-tau as an early pathogenic tau
species in human AD (14), we wondered whether eliminating cis P-tau inhibit progressive
neurodegeneration and cognitive decline in AD-like tauopathy mice. To this end, we used
htau mice, which express the human tau gene in the place of the mouse one and develop age-
dependent tau hyperphosphorylation, NFT-like pathologies, neuronal loss, and cognitive
deficits resembling AD (29). In 3-month-old htau mice, cis P-tau was induced and localized
to axons without tau tangles (fig. S9, A and B). Cis mAb treatment fully prevented learning
and memory deficits, as assessed by the Morris water maze (Fig. 4, A and B; fig. S9, C to E;
and movies S1 to S3), which was supported by almost full elimination of cis P-tau induction
(Fig. 4, C and D, and fig. S9F) and attenuation of NFT-like pathology (Fig. 4, E and F, and
fig. S9, G to J). Thus, cis mAb prevented the development of tangles and cognitive
dysfunction in the AD-like tauopathy mice.

To evaluate whether cis mADb treatment had any therapeutic effects in mice with existing
AD-like tau pathologies and cognitive symptoms, we treated 13-month-old aged htau mice
with cis mAb for 6 months (Fig. 4G). Before treatment, htau mice had cognitive deficits, and
most placebo-treated mice further deteriorated over the 6 months of the treatment (Fig. 4H
and fig. S10, A to C). In sharp contrast, cognitive deficits in cis mAb-treated mice were
ameliorated, as assessed by the novel object recognition test and the T-maze (Fig. 4, H and
I). These functional outcomes were correlated with brain pathology. Cis mAb treatment
eliminated the cis P-tau in the cortex and hippocampus (Fig. 4J and fig. S10, D and E) and
rescued neuronal loss in the neocortex and hippocampal CA1 subfield as well as atrophy of
the hippocampal CA1 layer (Fig. 4K). Cis mAb treatment did not reduce NFT-like pathology
(Fig. 4, L and M, and fig. S10, F to I), consistent with the findings that NFTs may not be
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neurotoxic (30). Thus, cis P-tau was required for the progression of neurodegeneration and
cognitive impairment in two independent mouse models relevant to VCID and AD.

BCAS in young mice induces diverse cortical cell type—specific transcriptomic changes,
and ~85-90% of the global alterations are recovered by cis mAb

The pathological and functional evaluations mainly focus on a limited number of known
factors and phenotypes, and they are unlikely to reveal the complicated alterations and
interactions among different cell types. Published bulk transcriptomic studies have largely
focused on the acute response within 48 hours after vascular insults and do not correlate
with chronic phenotypes relevant to dementia (31). Because pathologies and behavioral
changes are obvious at 28 days after BCAS, before progressive neurodegeneration over 1
year (21, 22), we reasoned that transcriptomic profiling may be informative at this time for
understanding the impact of cis P-tau and for evaluating the efficacy of cis mAb in treating
VCID in different cell types. Thus, we used single-nucleus RNA sequencing (RNA-seq) to
profile the transcriptomic changes of total ~15,000 cortical cells from BCAS mice treated
with cis mAb or IgG control for 28 days, referencing to sham littermates (Fig. 5A). We
recovered 25 distinct cell clusters based on their expression profiles and then collapsed
similar clusters into five major cell types (excitatory neurons, inhibitory neurons, astrocytes,
oligodendrocytes, and endothelia) based on the expression of cell type—specific markers
(Fig. 5, B and C, and fig. S11A).

We identified unique differentially expressed genes (DEGS) in the five major cell types by
comparing BCAS mice with sham littermate controls (table S2). Many top up-regulated
(Fig. 5D) and down-regulated (Fig. 5E) DEGs have been implicated in stroke and/or
neurodegeneration, which were effectively restored by cis mAb, both at the average
expression and the number of DEG-expressing cells. The up-regulated DEGs included two
major histocompatibility complex class | genes implicated in neuroinflammation, Meg3 in
ischemic neuronal death, Mme in demyelinating neuropathy, and down-regulated DEGs
included Glul implicated in VCI and Slcla2 in AD. DEGs in nonneuronal cell types also
include genes that have been linked to neurodegeneration. One such example is endothelia-
specific decreased expression of Cldn11, a claudin that regulates tight junction formation
and endothelial barrier function, consistent with damage in blood-brain barrier function and
a possible link to subsequent demyelination (32). We have also observed oligodendrocyte-
specific up-regulation of an interferon-stimulated gene Rsad2 and endothelia-specific up-
regulation of Tnfsf10 and Clec2d, two genes that have been linked to promote apoptosis and
inflammation in endothelial cells, consistent with increased inflammation (33, 34). Our
analyses also revealed many top DEGs that, to our knowledge, have not been linked to
neurodegeneration (Fig. 5F), including Lrrc17, a negative nuclear factor xB regulator;
Hsd3b2, an enzyme in steroid biosynthesis; and Phkgl, a kinase in glycogenolysis. We
validated the differential expression and therapeutic response to cis mAb for both DEGs
examined (Fig. 5, G to J).

The recovery of top DEGs by cis mAb treatment led us to systematically evaluate the cis
mAb-dependent recovery of DEGs in different cell types. Hundreds to thousands of DEGs
were identified after BCAS (table S3), with excitatory neurons being the most affected, as is
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in human AD (35). The number of DEGs was smaller in other cell types, which could
potentially be due to reduced statistical power in the lower abundant cell types. About
85-90% of BCAS- induced DEGs were recovered by cis mAb treatment (Fig. 5K), and the
extent of the recovery in different cell types was correlated with their tau expression (Fig.
5L), the source for cis P-tau. These results indicate that BCAS induced diverse cell type—
specific transcriptomic changes in mice, and the vast majority of these alterations were
recovered by cis mAb, unbiasedly and comprehensively demonstrating the potency of cis-
targeted immunotherapy in restoring the global transcriptomic changes in VCID mice at the
single-cell resolution.

BCAS-induced transcriptomic changes in young mice are related to myelin and axon
function, resembling patients with AD, and largely recoverable by cis mAb

To understand the biology underlying the transcriptomic changes in BCAS mice, we
performed Gene Ontology and gene set enrichment analyses. The down-regulated DEGs in
excitatory neurons, the most affected cell type (table S2), were most significantly associated
with myelin sheath (P= 1075; Fig. 6A), which was also widely down-regulated in other cell
types (fig. S11, B and C). Both the average expression and the number of excitatory neurons
that expressed these DEGs were down-regulated, but 83.8% (83 of 99) of these DEGs were
significantly recovered by cis mAb (P< 0.0001; Fig. 6B and fig. S11D). These results are
consistent with the above findings that BCAS induced prominent demyelination, with the
previous findings that demyelination is likely the most prominent pathology in VaD (1, 2)
and with the data showing that widespread down-regulation of myelination-related genes in
different cell types is substantial in human AD (35). The next most prominent pathways
associated with down-regulated DEGs in the excitatory neurons were axon/synapse
processes, microtubule/cytoskeleton, and guanosine 5’-triphosphate (GTP)/nucleoside
signaling. We validated four of four microtubule-related DEGs examined (Tubb5, Tppp,
ApoE, and Fkbp4) by immunostaining (Fig. 6, C to G, and fig. S12, A to D). Furthermore,
cis mAb treatment appeared to induce all the four hemoglobin genes in different cortical cell
types (fig. S12E). We confirmed with immunostaining that hemoglobin was reduced in the
Ctx-CC in BCAS mice and that cis mAb restored hemoglobin to a concentration higher than
sham controls (Fig. 6H and fig. S12F). It has been shown that hemoglobin up-regulation
extends neuronal activity and reduces hypoxic zones in the brain under hypoxia (36). Thus,
cis mAb treatment of BCAS mice may help cortical cells to function better under hypoxic
conditions.

Gene set enrichment analysis revealed that the only gene set from the curated MSigDb C2
database that was consistently negatively enriched in all the five major cell types was the
down-regulated gene sets in human AD brains (P < 0.05; fig. S13) (37). The gene sets that
are down-regulated in patients with incipient AD and AD were both highly enriched in our
BCAS down-regulated DEGs in the excitatory neurons (P < 0.001) (Fig. 6, | and J), the most
abundant and affected cell type from our (table S2) and published analyses (35, 37). We also
observed similarity in the direct comparison of enriched down-regulated DEGs (Fig. 6K),
84% (272 of 324) of which were recovered by cis mAb in BCAS mice (Fig. 6L). These
results demonstrate that BCAS induced the transcriptomic changes in young mice
resembling those in patients with AD, offering transcriptomic evidence for the similarity
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between VCID and AD. In addition, our data showed that the vast majority of the
transcriptomic changes were recovered by cis mAb in BCAS mice, supporting efficacy and
potential clinical relevance of cis mAb immunotherapy.

Purified soluble cis P-tau is sufficient to induce progressive neurodegeneration and brain
dysfunction by causing cistauosis and axonopathy

Given that cis P-tau is induced early in VCID and its elimination rescued VCID in mice, a
major question remains if cis P-tau is sufficient to induce progressive neurodegeneration and
brain dysfunction in WT animals. To address this question, we used cis mAb to affinity
purify soluble cis P-tau from TBI mice because severe TBI rapidly produces a large quantity
of cis P-tau without tau oligomerization, aggregation, or tangle epitopes, which could
complicate assays of cis P-tau neurotoxicity. Purified cis P-tau, but not recombinant tau,
caused neurotoxicity in SY5Y cells, which was blocked by cis mAb treatment (fig. S14, A
and B). Purified cis P-tau also induced death in primary neurons, which was blocked by the
pancaspase inhibitor Z-VAD-FMK (fig. S14C). Thus, purified cis P-tau, but not recombinant
tau, induced neuronal death and could be blocked by cis mAb.

Cortical injection of brains lysates or purified tau aggregates from tau TG mice or patients
with tauopathy induced progressive neurodegeneration in mice (38). To test whether cis P-
tau could induce progressive neurodegeneration, we stereotactically injected purified soluble
cis P-tau or recombinant tau bilaterally into the upper and lower layers of the neocortex of 3-
month-old WT mice, followed by behavioral testing at 1 and 10 months (fig. S14D). At 1
month after injection, cis P-tau caused risk-taking behaviors (fig. S14, E and F), whereas
recombinant tau even at four times higher doses had no detectable effects (fig. S14, G to I),
consistent with that tau oligomers or pathogenic tau, but not normal tau, are neurotoxic (38).
At 10 months after injection, we found not only the persistence of risk-taking behaviors but
also the appearance of sensorimotor and cognitive behavioral changes (fig. S14, J and K),
suggesting progressive neurodegeneration.

To confirm that the above phenotypes and their progression are due to cis P-tau, not its
associated factors, we performed new experiments using cis mAb to eliminate cis P-tau in
cis P-tau—injected mice (Fig. 7A). Cis mAb prevented cis P-tau from inducing brain
dysfunction at 1 and 10 months (Fig. 7, B to F), as assayed by various behavioral tests.
Moreover, the progression of neurodegeneration was further supported by the presence of cis
P-tau, cistauosis, and axonopathy in a brain region distant from the injection site at 10
months after injection, which were fully restored by cis mAb (Fig. 7G). Evidence included
cis P-tau in various brain subregions (fig. S15), impaired synaptic plasticity (Fig. 7H),
ultrastructural pathologies of disrupted axonal microtubules and mitochondria (Fig. 71),
increased cleaved caspase-3 immunoreactivity (fig. S16, A and B), demyelination (fig. S16,
C and D), and early tangle-like AT8 epitope (fig. S16, E and F). In contrast, no obvious
behavioral deficits were detected when cis P-tau was injected to tau null mice at 1 or 10
months after the injection (fig. S17), indicating a requirement of endogenous tau. Thus, cis
P-tau was sufficient to induce progressive neurodegeneration by causing cistauosis and
axonopathy dependent on endogenous tau resembling a prion (38).
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Injected cis P-tau—induced transcriptomic changes are relevant to cistauosis and
axonopathy and are also found in VCID mice and patients with early AD pathology

We next asked whether injected cis P-tau induced transcriptomic changes relevant to
axonopathy, VCID and AD. To this end, we profiled 7577 cortical cells for their
transcriptomic changes at 10 months after cis P-tau injection in mice, when the progression
of pathological and behavioral changes was obvious. We again collapsed distinct cell
clusters into the five major cell types (Fig. 8, A to C, and fig. S18A) and identified hundreds
of cell type—specific DEGs from cis P-tau—injected mice (table S4). Despite a much smaller
number of DEGs in cis-injected mice, the top ontology terms associated with the
transcriptomic changes in the excitatory neurons in cis-injected mice were similar to those in
the BCAS mice, again highly related to myelin, axon, synapses, and microtubule function
(Fig. 8D), with an exception that GTP/nucleoside signaling was not reduced after cis
injection. This difference might be expected, given that many serum-containing growth
factors known to activate GTP/nucleoside signaling (39) were reduced by BCAS, but not by
cis injection.

The similarity in DEG ontology terms between cis P-tau injection and BCAS led us to
systematically compare their transcriptomic changes. We found highly significant overlap in
the DEGs in the excitatory neurons, the most affected cell type in both models. About 70%
(209 of 300) of the cis P-tau up-regulated DEGs were also increased in the BCAS mice (P=
4.7 x 107222), and ~ 98% (46 of 47) of the cis P-tau down-regulated DEGs were also
decreased in the BCAS mice (P= 9.7 x 107%2) (Fig. 8, E and F). We confirmed four of four
common DEGs examined (Caprin2, Hsd3b2, Ndrg2, and Mbp) in cis-injected mice (Fig. 8,
G and H, and fig. S18, B to E) and BCAS mice (Fig. 5, G to J, and fig. S12, G to J) by
immunostaining. The commonly up-regulated DEGs were associated with synapse function
(fig. S18F), including Grin2a and Grin2b, two N-methyl-p-aspartate (NMDA) receptors
activated in stroke and implicated in neuronal death (27), and EphA7 implicated in neuron
injury, inflammation, and axon targeting (40). The commonly down-regulated DEGs (46 of
the 47 cis P-tau down-regulated genes) were associated with myelination, axon, and
microtubule function (Fig. 8D). Ninety-eight percent of the common DEGs (250 of 255)
were recovered by cis mAb (fig. S18, G and H). Thus, we identified the cistauosis
transcriptomic signature shared in cis P-tau—injected and BCAS mice.

Given that cis P-tau was induced early in VCID, the cistauosis transcriptomic signature
might reflect the conserved transcriptomic changes occurring in patients with early AD
pathology. We therefore examined the recently published single-cell transcriptomic analysis
of human brains with early and late AD pathology (35). Forty-two of the 46 down-regulated
cistauosis DEGs shared between BCAS and cis P-tau—injected mice have well-defined
human homologs, and 22 of these 42 genes passed the human gene expression abundance
filter for the gene set enrichment analysis. We observed a significant negative enrichment of
the cistauosis transcriptomic signature in patients only with early (= 0.01; fig. S18l,), but
not late, AD pathology. Ninety-one percent (20 of 22) of the commonly down-regulated
DEGs in cis P-tau—injected mice and BCAS mice were also down-regulated in the cortical
excitatory neurons of human patients only with early, but not late, AD pathology (fig. S8I),
revealing the presence of the cistauosis transcriptomic signature at early, but not late, stage
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of AD and VCID. Again, these early down-regulated DEGs were related to myelination
(ACTB, ACTGL1, ATP6V1B2, NSF, and YWHAG) and axon process (KIF5A, ACTB,
ACTG1, PAFAH1B1, and PAK1). Thus, in the most affected excitatory neurons, cis P-tau
induces conserved gene expression changes that are found in mouse VCID and human AD
with early pathology.

DISCUSSION

Increasing evidence supports that neurovascular dysfunction contributes to cognitive
impairment and dementia including AD, but the underlying molecular links remain elusive
and there is no effective therapy (1, 2). Here, we found robust cis P-tau in axons without
detectable NFTs in patients with VaD and BCAS mice. Reducing cerebral blood flow in
mice robustly induced cis P-tau before VCID-like pathological and behavioral changes.
Moreover, eliminating cis P-tau using cis mAb rescued most VVCID-like neuropathology and
brain dysfunction, and the beneficial effects were still present after 6 months even if cerebral
blood flow was chronically reduced by ~50%. At this time point, BCAS mice displayed not
only cis P-tau and widespread neurodegeneration but also functional impairment in spatial
memory, motor memory, and risk-taking behavior. All these pathological and functional
changes were largely rescued by cis mAb. Pinl was inhibited, and its inhibitory kinase
DAPK1 is activated in BCAS mice. Eliminating cis P-tau using brain-specific Pinl
overexpression or DAPK1 KO in BCAS mice prevented the development of VCID-like
pathology and cognitive impairment. Cis mAb also prevented and ameliorated progression
of AD-like neurodegeneration and memory loss in mice. Together, these results support the
idea that neurovascular insults induce cis P-tau that, in turn, drives progressive
neurodegeneration in VCID including AD, likely due to inhibition of Pinl by activated
DAPK1 (fig. S18J).

This concept has been further supported by the unbiased single-cell transcriptomic analysis.
BCAS induced hundreds to thousands of DEGs in diverse cortical cell types, with most
being associated with myelin and axon processes. Cis mAb recovered about 85-90% of the
transcriptomic changes, with the extent of recovery in different cell types being correlated
with their cellular tau expression, the source of cis P-tau. Thus, cis-targeted immunotherapy
on VCID might have important therapeutic results. Cortical injection of purified soluble cis
P-tau is sufficient to induce progressive neurodegeneration by causing cistauosis,
axonopathy, and conserved transcriptomic signature found in early VCID and AD. The cis
P-tau injection failed to induce pathogenic phenotypes in tau KO mice, suggesting that
endogenous tau is required for cis P-tau toxicity, consistent with the prion-like behavior for
other pathogenic tau proteins (41). Purified cis P-tau induced a fraction of the DEGs caused
by BCAS at the early stage. These commonly down-regulated DEGs in cis P-tau—injected
and BCAS mice were also down-regulated in human patients with early AD pathology (35),
with most being related to myelin and axon processes. Thus, our results consistently indicate
that cis P-tau underlies neurodegeneration and cognitive decline after neurovascular
insufficiency.

Our results potentially offer a highly effective and specific targeted immunotherapy for
neurodegeneration in AD and resulting from neurovascular insults and TBI, with some
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unique features, comparing with other tau immunotherapies (42). First, cis mAb specifically
targets only the pathogenic cis P-tau, without affecting the physiologic tau including trans P-
tau (12-14), which is critical as tau immunization induces neurodegeneration (43). Second,
unlike other tau immunotherapies against tau oligomers, aggregates, or tangles, cis mAb
targets a disease driver that appears long before these tau epitopes in TBI/CTE (12, 13),
VCID and AD. Third, whereas most other tau antibodies show efficacy in tau TG mice, we
have demonstrated the efficacy of cis mAb in non-TG model mice of CTE (12, 13) and
VCID. This might be important because most human tauopathies do not arise from tau
mutations or overexpression.

In addition, we have leveraged the statistical power of single-nucleus RNA-seq to unbiasedly
and comprehensively evaluate the therapeutic response of the mouse cortex to the cis mAb.
Proper evaluation of therapeutic response of preclinical drugs, especially for
neurodegenerative diseases, has been challenging. One limitation is the inconsistency of
therapeutic efficacy between model mice and human patients, given that studies in mice
often focus on a limited number of hypothesized pathogenic factors and phenotypes. We
show that cis P-tau induces the conserved transcriptomic changes found in mouse VCID and
human AD with early pathology and that cis mAb therapy restores ~85-90% of DEGs in
VCID mice, including changes found in human early AD brains. Thus, cis mAb might be
potent and specific for treating VCID, AD, and TBI/CTE at early stages.

The therapeutic potential of cis mAb might be enhanced by the potential use of P-tau
conformations as biomarkers for tauopathies. CSF P-tau (pT231) is a well-known AD
biomarker for both diagnosis and tracking of MCI to AD progression (44). In patients with
TBI, high P-tau (pT231) concentrations in the CSF (13) or blood (16) correlate with poor
clinical outcome. In addition, our current findings that cis P-tau is a major driver of VCID
and AD further support the idea of using P-tau conformation-specific mAbs to identify
appropriate patients for cis-targeted therapy and to assess their therapeutic response (12-14,
17). Given the efficacy of cis mAb in treating BCAS and htau mice with ongoing or already
developed neurodegeneration, one may expect elimination of cis P-tau using cis mAb to be
still effective even after symptoms have already developed. A follow-up study with careful
control of dose and delayed timing of cis mAb treatment will be interesting to potentially
extend the clinical value of this approach. These findings provide a rationale for clinical
evaluation of the safety and efficacy of cis mAb for early diagnosis, prevention, and
treatment of cognitive impairment and dementia after neurovascular insults and in AD.

Our study has several limitations. First, the droplet-based single-nucleus RNA-seq
technology has its limitations. Because of the low transcript capture efficiency, low amount
of RNA-input from single-nucleus and the stochastic nature of gene expression among cells,
the statistical power to perform DEG analyses is limited by the number of cells. Thus, we
were unable to detect sufficient microglia cells to assess the apparent neuroinflammation and
instead focused on five major cell types identified, as discussed (45, 46). Second, the
mechanism leading to DAPK1 activation remains unclear. It has been shown that cerebral
ischemia recruits DAPK1 to the NMDA receptor complex and apparently leads to calcium
influx in the cortex, but whether and how cerebral hypoperfusion causes DAPK1 activation
remains to be defined. Third, how cis P-tau leads to the cistauosis signature observed in
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VCID mice and patients with early AD is unknown, although nuclear tau may affect
transcription during neuronal stress (47).

Despite the limitations, our histopathological, ultrastructural, electrophysiological,
behavioral, and single-cell genomic analyses consistently demonstrated that cis P-tau
underlies VCID and AD by inducing the conserved transcriptomic signature and axonopathy
and could be effectively targeted by immunotherapy, uncovering previously unrecognized
pathogenic mechanisms and offering a promising therapeutic approach for VCID and AD.

MATERIALS AND METHODS

Study design

In this study, we detected robust cis P-tau in patients with VCID and characterized the cis P-
tau induction kinetics and pathological roles in mice after BCAS. We subsequently
examined and found that both Pinl overexpression and DAPK1 KO abolished the VVCID-
induced cis P-tau and rescued most VCID or AD-like pathological and functional outcomes.
Given the known vascular contributions to AD, we tested whether cis mAb could ameliorate
progressive neurodegeneration and cognitive decline in htau mice, an AD-like mouse model.
Furthermore, we profiled the single-cell transcriptome in five major cortical cell types in
mice 1 month after BCAS, with or without cis mAb treatment. Last, we investigated whether
purified cis P-tau was sufficient to cause brain pathology, behavioral deficits, and the gene
expression profile found in BCAS mice and patients with AD. The sample sizes were
estimated considering the variation and mean of the samples before the experiments, and the
number of biological replicates was reported in the relevant figure legends. Animals were
randomly assigned groups for in vivo studies, and group allocation and outcome assessment
were also done by different people in a double-blinded manner for mAb treatment and
behavioral experiments. No animals or samples were excluded from any analysis except few
mice died immediately after BCAS surgery. All histopathological examinations were
blinded to injury and treatment status. Data acquisition and analyses were obtained in an
unbiased fashion.

Human brain specimens

Discarded fixed human brain tissues with neuropathologically verified VaD and their age-
matched controls were obtained from the Northwestern Alzheimer’s Disease Center or a
rapid autopsy program of the Netherlands Brain Bank (NBB), Netherlands Institute for
Neuroscience, Amsterdam (average postmortem delay, 6 hours) (open access:
www.brainbank.nl/) (table S1). All materials have been collected from donors for or from
whom a written informed consent for a brain autopsy, and the use of the material and clinical
information for research purposes had been obtained by the NBB. Institutional Review
Board approval for tissue donation and our studies on discarded human samples was
obtained through Beth Israel Deaconess Medical Center and NBB.
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Animals

Male C57BL/6 WT, htau, or tau KO mice obtained from the Jackson laboratory, and Pinl
TG mice and DAPK1 KO mice were previously generated in our laboratories (26, 28).
Animal housing and experiments were described in Supplementary Materials and Methods.

Statistical analysis

All data are presented as the means + SEM, followed by the two-tailed Student’s #test for
quantitative variables between two groups or one-way analysis of variance (ANOVA) with
post hoc Dunnett’s multiple comparison test for three or more groups, as indicated in the
legend. Pvalues are shown in the figures or figure legend.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Robust cis P-tau in axons with no evidence of tau tangles in patients with \VaD and BCAS
mice.

(A to C) Immunofluorescence (IF) staining of brain sections from patients with VaD and
age-matched controls with AT8 antibody for early tangle-like structures (A), AT100
antibody for late tangle-like structures (B), and with thioflavin S for NFT-like structure (C).
DAPI, 4API, with thioflavin S for NF. (D and E) Near-infrared (NIR) fluorescence imaging
of cis P-tau in brain sections from patients with VaD and age-matched controls (D). Yellow
arrows indicated the cortex overlying corpus callosum. Quantitation and statistics for the
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staining intensity in the cingulate cortex overlying corpus callosum (CCtx-CC) are shown in
(E). (F and G) IF staining of cis P-tau in the CCtx-CC and neocortex (Neo-Ctx) from
patients with VaD and age-matched controls with cis P-tau mAb. A representative image is
shown in (F). Quantitation and statistics for the staining intensity is shown in (G). (H and I)
IF costaining of cis P-tau with neurofilament (H) or MBP (1) in the CCtx-CC and CC from
patients with VaD. Insets show higher magnifications. (J to L) Two-month-old WT mice
were subjected to sham or BCAS operation using external microcoils in blue to reduce
cerebral blood flow by ~50% (J), followed by IF of cis P-tau in the cortex overlying corpus
callosum (Ctx-CC) at different post-surgery time points (green arrows) (K and L). The data
were presented as means + SEM. The Pvalues in (E) and (G) were calculated using
unpaired two-tailed Student’s #test, and the Pvalues in (L) were calculated using one-way
analysis of variance (ANOVA) with post hoc Dunnett’s multiple comparison test. *£< 0.05
and ****pP< 0.0001.
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Fig. 2. Cis mAb treatment of BCAS mice blocks the development of VCID-like pathology and
brain dysfunction at 1 and 6 months after the surgery.

(A) Experimental setup for treating BCAS mice with cis mAb for 28 days. Two-month-old
WT mice underwent either sham or BCAS operation, followed by treatment with either cis
mADb or IgG isotype control for up to 28 days [300 pg per mouse, intraperitoneally (i.p.),
every 3 days for four times, and then 150 pg per mouse every week afterward]. Black
arrows, mADb injection; green arrows, functional or pathological assays. (B to E) Ctx-CC
from sham, BCAS + 1gG, or BCAS + cis mAb mice were examined by immunoblotting for
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cis P-tau and total tau (C), immunostaining and quantitation for cis P-tau (B), or GFAP (D)
or MBP (E). (F) Long-term potentiation (LTP) recording of hippocampal slides. fEPSP
slopes over time are shown in dot graph (left), and normalized fEPSP slope for the last 10
min is shown in bar graph (right). (G) Discrimination ratio (left) and distance traveled (right)
in novel object recognition assays. (H) Experimental setup for treating BCAS mice with cis
mAb for 6 months. Two-month-old WT mice were subjected to either sham or BCAS
operation and treated with cis mAb or IgG isotype control for 6 months (300 g, i.p., every 3
days for four times, and then 200 ug every week afterward). (1) Quantitation of cis P-tau IF
intensity from different mouse brain regions. (J) Discrimination ratio (left) and distance
traveled (right) in novel object recognition assays. (K) The time mice stay in open arm (left)
and distance traveled (right) in elevated plus maze assays. The data were presented as means
+ SEM, and the Pvalue was calculated using one-way ANOVA with post hoc Dunnett’s
multiple comparison test. NS, not significant. *~< 0.05, **£< 0.01, ***F< 0.001, and
***x P < (0.0001.
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Fig. 3. Pinl is inhibited in BCAS, whereas brain-specific Pinl overexpression blocks VCID-like
pathology and brain dysfunction in BCAS mice.

(A) Quantitation of active Pinl immunoreactivity in the CCTx-CC of human VaD brain and
normal control. (B) Top disease association with a putative Pinl enhancer SNP E06-21879.
VaD, vascular dementia; DD, Hodgkin’s disease; TCL, T cell lymphomas; PVD, peripheral
vascular disease; RD, respiratory disorders; TC, thyroid cancer; SBH, subarachnoid
hemorrhage; CVD, cerebrovascular disease; MSD, multisystem degeneration. (C and D)
Immunoblotting of cortical lysate of 2-month-old Pin1 TG mice with Pinl antibody (C) and
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quantified (D). (E to I) Indicated mouse brain sections were analyzed by IF cis P-tau (E),
GFAP (F), MBP (G), GST-pi (H), and Ibal (I) antibodies, followed by quantified intensity in
the Ctx-CC at 28 days after surgery. (J) Bar graphs showing the percentage of correct
choices in T maze. (K) Bar graphs showing discrimination ratio (left) and distance traveled
(right) in novel object recognition assays. The data in (D) to (K) were presented as means +
SEM. The Pvalue in (D) was calculated using unpaired two-tailed Student’s ftest. The P
values in (E) to (K) were calculated using one-way ANOVA with post hoc Dunnett’s
multiple comparison test. *£< 0.05, **P< 0.01, and ***P< 0.001.
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Fig. 4. Cis mAb prevents and attenuates the development of NFT-like pathology and functional
impairments in htau mice.

(A) Experimental setup. Three-month-old htau mice underwent treatment of cis mAb or IgG
controls for 8 months, followed by functional and pathological examinations. Black arrows,
antibody injection; green lines, functional or pathological assays. (B) Effect of cis mAb
treatment on behavioral deficits in htau mice, as assayed by the Morris water maze in htau
mice escape latency (left) in the acquisition trials and trajectories and time spent in target
quadrant in the probe trial (right). (C to F) Effects of cis mAb treatment on the accumulation
of cis P-tau and the development of tangle-like pathology in htau mice, as assayed by
immunoblotting of cis P-tau and total tau (D); IF staining of cis P-tau (C) in the neocortex
and hippocampus; IF with AT8 antibody (E); and Gallyas silver staining (F) to detect tangle-
like pathology in neocortex and hippocampus after 8 months of treatment. (G) Experimental
setup. Thirteen-month-old htau mice were subjected to treatment of cis mAb or 1gG isotype
control for 6 months. Black arrows, antibody injection; green lines, functional or
pathological assays. (H and 1) Effects of cis mAb treatment on the novel object recognition
and T maze. Dot graph showing longitudinal assessment of discrimination ratio before and
after treatment with either cis mAb (red) or control (black) (H). Bar graph showing the
percentage of correct choices in T maze after treatment (1). (J and K) Effects of cis mAb
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treatment of aged htau mice on the accumulation of cis P-tau, neuronal loss, and tangle-like
pathology, as shown by IF for cis P-tau (J), with AT8 mAb (L), Gallyas silver staining (M)
to detect tangle-like pathology, and NeuN antibody (K) to detect neuronal loss in neocortex
and hippocampus. Inset images are high magnifications of representative areas. ND, not
detectable. The data were presented as means = SEM. The Pvalues in (H) (left) and (1) are
computed using unpaired two-tailed Student’s ftest. The Pvalue in (H) (right) is computed
using paired two-tailed Student’s #test. The Pvalues in (B) to (E) and (J) to (K) were
calculated using one-way ANOVA with post hoc Dunnett’s multiple comparison test. *P <
0.05, **P<0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 5. BCAS induces diverse cortical cell type-specific transcriptomic changes, and the vast
majority of the global alterations are recovered by cis mAb.

(A) Experimental setup of the single-nucleus RNA-seq for BCAS mice treated with IgG or
cis mAb, with sham littermate as controls. (B) tSNE (t-distributed stochastic neighbor
embedding) plots of color-coded cortical cell types. (C) Normalized expression of marker
genes for different cell types: Slc17a7 (glutamatergic neurons, Ex), Gadl and Gad2
(GABAergic neurons, In), Agp4 and Slcla3 (astrocytes, As), Oligl and Pdgfra
(oligodendrocytes and their progenitor cells, Ol), and Cldn5 and Flt1 (endothelia, En). (D to
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F) Top up-regulated (D) or down-regulated DEGs (E) in different cell types in BCAS mice
with or without cis mAb treatment, and a list of up-regulated excitatory neuronal DEGs that
have not been clearly linked to neurodegeneration or stroke (F). Dot plots are color coded
with average expression and sized with percentage of cells expressing the gene. (G to J)
Validation of two DEGs Caprin2 (G and I) and Hsd3b2 (H and J) with IF staining (G and H),
with quantitations (I and H). The data in (I) and (J) were presented as means + SEM, and the
Pvalues were calculated using one-way ANOVA with post hoc Dunnett’s multiple
comparison test. (K) Top: Log,-transformed relative normalized expression of each gene
compared to sham. Cell types are labeled on the top. Bottom: Number of DEGs are shown in
bar graphs. Genes that are differentially expressed in BCAS + IgG but not in BCAS + cis
mAb mice (referencing to sham mice) are defined as recovered genes. (L) Xyplot showing
correlation between average tau expression and the recovered DEG percentage in five major
cell types.
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Fig. 6. BCAS in young mice induces the global transcriptomic changes resembling those in
patients with AD, most of which are recovered by cis mAb.

(A) Enriched Gene Ontology (GO) terms with different classes color coded. (B) Heatmap
showing average expression zscore. (C to G) Dot plots (C) and IF staining validations (D to
G) for four microtubule-related down-regulated DEGs. (H) IF staining validations of down-
regulated hemoglobin genes in BCAS mouse and recovery in cis mAb-treated mice. (I and
J) Gene set enrichment analyses of down-regulated gene sets in patients with incipient AD
() and AD (J), within BCAS mouse DEGs in excitatory neurons. (K and L) Heatmaps of
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the shared DEGs in excitatory neurons in young BCAS mice and patients with AD (K) and
bar graphs showing the cis mAb recovery percentage of shared DEGs (L).
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Fig. 7. Stereotactic cortical injection of purified cis P-tau is sufficient to induce prion-like
progressive neurodegeneration and brain dysfunction.

(A) Experimental setup. Red arrows, stereotaxic injections; black arrows, mAb injections;
green lines, functional and pathological assays. (B to F) Behavioral assessment of mice at
different time (labeled in blue) after cis P-tau injection and mAb treatment. Bar graphs
showing time spent in center in bright-light OF (open field) assays (B), time in open arms in
elevated plus maze (C), latency to fall in accelerating rotatord (D), discrimination ratio (E) in
novel object recognition, and freezing time in fear conditioning (F). (G to I) Cortical LTP
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(H) and ultrastructural pathologies of axonal microtubules and mitochondria (1) were
determined in mPFC away from the injection site (G) at 10 months after the injection. The
data were presented as means + SEM, and the P values were calculated one-way ANOVA
with post hoc Dunnett’s multiple comparison test. *~< 0.05 and **P < 0.01.
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Fig. 8. Injected cis P-tau induces the conserved transcriptomic changes that are not only highly
relevant to cistauosis and axonopathy but are also found in early VCID and AD.

(A) The setup of the single-nucleus RNA-seq experiments for cis P-tau—injected mice, with
vehicle controls. (B) tSNE plots of different color-coded cortical cell types from vehicle or
cis P-tau—injected mice. (C) Normalized expression of marker genes for different cell types:
Slc17a7 (glutamatergic neurons, Ex), Gadl, Gad2 (GABAergic neurons, In), Agp4, Slcla3
(astrocytes, As), Oligl, Pdgfra (oligodendrocytes and their progenitor cells, Ol), Cldn5, and
Fltl (endothelia, En). (D) Enriched GO terms with different classes color coded. (E and F)
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Venn diagram of the shared up-regulated (E) and down-regulated excitatory neuronal DEGs
(F) between the cis P-tau—injected mice and BCAS mice. Two-tailed Fisher’s exact test is
implemented to compute the Pvalues for the overlap. (G and H) Validation of two up-
regulated DEGs Caprin2 (G) and Hsd3b2 (H) and their response to cis mAb by IF staining.
(I) Twenty-four conserved genes that are commonly down-regulated in the excitatory
neurons of cis P-tau—injected mice, BCAS mice, and human patients only with early, but not
late, AD pathology (35).
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