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ARTICLE

Cis P-tau is induced in clinical and preclinical brain
injury and contributes to post-injury sequelae

Onder Albayram 123 Asami Kondo"?3, Rebekah Mannix?, Colin Smith>, Cheng-Yu Tsail23, Chenyu Lil23,
Megan K. Herbert 123 Jianhua Qiu?, Michael Monuteaux?, Jane Driver®, Sandra Yan’, William Gormley7,
Ava M. Puccio®, David O. Okonkwo®, Brandon Lucke-Wold®, Julian Bailes'®, William Meehan", Mark Zeidel?,
Kun Ping Lu"%3 & Xiao Zhen Zhou'%3

Traumatic brain injury (TBI) is characterized by acute neurological dysfunction and asso-
ciated with the development of chronic traumatic encephalopathy (CTE) and Alzheimer's
disease. We previously showed that cis phosphorylated tau (cis P-tau), but not the trans form,
contributes to tau pathology and functional impairment in an animal model of severe TBI.
Here we found that in human samples obtained post TBI due to a variety of causes, cis P-tau
is induced in cortical axons and cerebrospinal fluid and positively correlates with axonal injury
and clinical outcome. Using mouse models of severe or repetitive TBI, we showed that cis
P-tau elimination with a specific neutralizing antibody administered immediately or at delayed
time points after injury, attenuates the development of neuropathology and brain dysfunction
during acute and chronic phases including CTE-like pathology and dysfunction after repetitive
TBI. Thus, cis P-tau contributes to short-term and long-term sequelae after TBI, but is
effectively neutralized by cis antibody treatment.
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ARTICLE

raumatic brain injury (TBI) is the leading cause of death

and disability among people under the age of 45 years'.

Worldwide, 10 million deaths and/or hospitalizations
annually are directly attributable to TBI and an estimated 57
million people are currently living with the consequences of TBI?.
In the United States, 1.6-3.6 million athletes sustain TBI each
year’, ~20% of 2.3 million troops deployed to Iraq and Afgha-
nistan experienced a TBI* ° and visits for TBI to Emergency
Departments in the US have increased eightfold more than the
total increase between 2006 and 2010°. Diverse mechanisms of
TBI, including repetitive mild TBI (rmTBI), as seen in collision
sports®, and single moderate/severe TBI (ssTBI), as seen in
military blasts® > or motor vehicle accidents, cause acute and
potentially long-lasting neurological dysfunction. TBI is also a
major risk factor for neurodegenerative diseases, such as
chronic traumatic encephalopathy (CTE)”~'%, Alzheimer’s disease
(AD)!1-14) and Parkinson’s disease!®. However, these neurode-
generative disorders occur many years or decades after TBI, and
the mechanisms leading from acute TBI to chronic neurode-
generation are virtually unknown’~'% 1, Moreover, the search for
targeted pharmacologic interventions has been nearly universally
unsuccessful in mitigating the short-term or long-term outcomes
of TBI'”> 18, Establishing the causal link between TBI and neu-
rodegenerative diseases could lead to critically needed targeted
therapies.

Tau pathology is a common feature of several neurodegen-
erative disorders, together known as tauopathies'® 2°, Neurofi-
brillary tangles composed of phosphorylated tau are the
neuropathological signature of CTE found at autopsy in the
brains of boxers, American football players, and blast—ex;l)osed
veterans’ 10> 21 22 Tay tangles are also a hallmark of AD 9,20,
and the tau isoform and phosphorylation profiles of tangles
purified from CTE brains and AD brains are indistinguishable®>.
Tau in tauopathies is often hyperphosphorylated on Ser or Thr
residues preceding a Pro residue resulting in disruption in its
microtubule function and alterations in its protein stability,
eventually leading to tau aggregation and tangle formation!'® 20,
In addition, other posttranslational modifications such as trun-
cation, sumoylation and acetylation have been shown to affect tau
function and contribute to the development of tau
pathology'® 2°. Various aspects of tau pathology, including tau
hyperphosphorylation, oligomerization, aggregation, and tangle-
like formation have been observed in animal models of tauo-
pathies, without the development of mature tau tangles. Fur-
thermore, tau pathology spreads through the brain®* 2°.
Moreover, although immunization with full-length tau protein
has been shown to induce histopathologic features of Alzheimer
disease and tauopathie326, active or passive immunization tar-
geting certain tau fragments or pathological tau epitopes has
shown some benefit against tauo;z)ath without adverse effects,
with some in early clinical trials?”> 2%, Thus, tau may offer a
promising therapeutic target for tauopathies.

While tau tangle pathology has long been described in CTE
and AD, such pathology following a single TBI is less well-
described. Earlier case reports have described AD-like tangle
pathology after a single, severe TBI followed by onset of
dementia®® ** and a more recent study has found tau tangles in
~30% of 39 human survivors 1 year or more from a single
moderate to severe TBI*!. However, there is not obvious tau
pathology in 45 patients who died acutely (up to 1 month) fol-
lowing a single TBI*2. The presence of tau pathology after TBI in
preclinical models has been inconclusive. For example, tau
phosphorylation and oligomers are detected acutely after open
head, severe TBI in some rat models*> 3%, Furthermore, tau
phosphorylation and tangle-like pathologies have been observed
many months after closed head repetitive TBI in some

2
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reports**=3¢, but not in others’”> 38, Thus, the role of tau
pathology in linking TBI to neurodegeneration is unclear.

We have previously identified a proline isomerase, Pinl that
inhibits the development of tau pathology and neurodegeneration
in AD by converting the phosphorylated Thr231-Pro motif in tau
(P-tau) from the patho%enic cis conformation to the physiologic
trans conformation®*~*’. We developed polyclonal and mono-
clonal antibodies able to specifically distinguish and eliminate
these two protein conformations and identified cis P-tau as a
precursor of tau g)athology and an early driver of
neurodegeneration®~>Y, Within hours after closed head injury in
mouse models, or following neuron stress in vitro, neurons
produce cis P-tau prior to tau oligomerization and aggregation,
which causes and spreads axonal pathology by a pathogenic
process which we term cistauosis, including disruption of axonal
microtubules and transport system, eventually leading to neuro-
nal death8, Cistauosis is effectively blocked in vitro and in vivo
by cis P-tau monoclonal antibody (cis mAb)*. Specifically, cis
mAb prevents extracellular cis P-tau from spreading, and also
enters neurons via Fcy receptors to target intracellular cis P-tau
for TRIM21-mediated proteasome degradation, rendering cis P-
tau resistant to degradation and dephosphorylation to be
degradable?®>, The importance of TRIM21 in degrading tau
immunocomplexes has been confirmed®!. Treating severe TBI
mice with cis mAb not only eliminates early cis P-tau accumu-
lation after injury and blocks cistauosis, but also prevents the later
development of tau tangles and brain atrophy*®. These results
reveal that cis P-tau is critical for the development of axon
pathologies, offering a potential link between TBI and neurode-
generation, and suggest cis P-tau antibody might be used to block
tau pathology and prevent neurodegeneration after TBI*8->C, The
therapeutic potential of cis P-tau antibody is further supported by
the findings that tau knockout prevents axon pathology and
memory deficits after repetitive mild TBI in mice®? and that
immunotherapy can effectively remove toxic proteins in the
brain, even in patients with mild cognitive impairment?”> 28 5354,

It is still unknown whether cis P-tau is induced acutely after
TBI in humans, especially given a prior study that showed no tau
pathology was not found in the brains of 45 patients who died
within 2 months after TBI*2, Moreover, since there are many
other short-term and long-term pathological and functional
outcomes of TBI’~'7, it is not known whether treatment with cis
P-tau antibody would mitigate these outcomes. These questions
are important for elucidating the molecular mechanisms under-
lying TBI and its consequences, and for understanding the
potential impact of cis P-tau targeted therapy on TBIL.

To demonstrate the importance of cis P-tau to acute and
chronic TBI in humans, we examined cis P-tau in brains and
cerebrospinal fluid acutely after severe TBI in humans and at
chronic time points after injury in CTE brains from athletes with
exposure to rmTBI. We found that severe TBI in humans due to
diverse mechanisms (including motor vehicle accidents, assaults
or falls) acutely and robustly induces toxic cis P-tau in cortical
axons and cerebrospinal fluid, correlating with traumatic axonal
injury and functional outcome 1 year after injury. In CTE brains
with more remote TBI exposure, cis P-tau is widespread in the
brain and correlates with various neurodegenerative pathologies.
These results suggest that cis P-tau might also be involved in the
development of other short-term and long-term outcomes of
severe and repetitive TBI. To test this hypothesis, we utilized
established mouse models of severe and repetitive mild TBI and
elimination of cis P-tau induction and spreading using a neu-
tralizing cis mAb to examine its impact on pathological and
functional outcomes after injury. Indeed, elimination of cis P-tau
effectively blocks the development and progression of not only
tau pathology, but also an array of TBI-related neuropathological
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and functional outcomes during acute and chronic phases.
Moreover, we have provided direct evidence that rmTBI in mice
is sufficient to induce a range of widespread neuropathological
features and functional deficits resembling those found in human
CTE. More importantly, these CTE-like neuropathology and
dysfunction after rmTBI are potently mitigated by eliminating cis
P-tau using cis mAb. Thus, cis P-tau is a causative agent for the
development and progression of a range of short-term and long-
term outcomes of ssTBI or rmTBI, but can be effectively blocked
in rodent models by cis mAb treatments. These results suggest
that cis mAb may be further developed for early diagnosis and
treatment of TBI and prevention of CTE and AD later in life in
humans.

Results

Axonal injury and cis P-tau induction in clinical severe TBI.
We first examined whether and where cis P-tau is induced acutely
after TBI in human brains by performing immunostaining on
cortical and hippocampal tissues of 14 patients 3—67 years of age
who died from a TBI-related death. These patients had docu-
mented survival time for 1 h to 1 month after injury and primary
injury mechanisms included motor vehicle accidents (6 cases),
assaults (4 cases), falls (3 cases), or unknown cause (1 case)
(Supplementary Table 1). Neither cis nor trans P-tau was detected
on controls (people who died without CNS causes or diseases) or
1 h after TBI (Fig. 1a), as shown previously in normal human and
mouse brains*®. However, robust cis, but not trans, P-tau was
readily and diffusely detected in the cortex, but not in the hip-
pocampus, as early as 8h after TBI in all 13 TBI patients
examined, with variable intensity (Fig. 1a, Supplementary Fig. 1).
Cis P-tau in the cortex was mainly localized to axons diffusely,
but not in dendrites (Fig. 1c, d). Notably, traumatic axonal injury,
one of the most common and important pathological features of
closed head injury”>, was also obvious in the cortex, but not in the
hippocampus, as demonstrated by Gallyas silver-positive axonal
bulbs (Fig. 1b), as previously described”® . However, as docu-
mented by well-established antibodies, none of these acute TBI
samples had obvious tau oligomers (as detected by oligomeric tau
antibody T22), early tau tangles (AT8 antibody), late tau tangles
(AT100 antibody), amyloid beta peptide aggregation (Af anti-
body), or TDP-43 pathologies (TDP-43 antibody) in the cortex or
hippocampus (Fig. le, f, Supplementary Table 1), in contrast to
CTE and AD brains where cis P-tau partially co-localized with
T22 and AT100 (Fig. 1g, h). However, acute TBI, especially at
survival day 7, did induce a tendency toward increased staining
intensity of ionized calcium-binding adapter molecule 1 (Ibal)
positive microglia in the cortex, however the increase in intensity
was not significant compared to controls, in contrast to CTE
brains (Supplementary Fig. 2). Thus, severe TBI in humans
acutely and prominently induces cis P-tau, which is most notable
in the axons and is associated with axonal injury. There is no
evidence of tau oligomers or tangles, gliosis, Af or TDP-43-
related pathologies. In this series of TBI patients who survived up
to 1 month after injury, both cis P-tau and axonal injury are
limited to the cortex, but do not reach to the hippocampus. This
pattern has been shown previously after severe TBI in mouse
models*®,

CSF cis P-tau correlates well with outcome in TBI patients. To
confirm this early cis P-tau induction after TBI in humans, we
obtained cerebrospinal fluid (CSF) samples collected from an
external ventricular drain (EVD) placed in patients with severe
TBI as part of their routine clinical care. CSF cis P-tau was
assayed using immunoprecipitation with cis mAb, followed by
immunoblotting with tau antibody E178, or using direct ELISA
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with cis mAb. Both assays readily detected cis P-tau in CSF
samples obtained on different acute days after TBI, with generally
similar results (Fig. 2a, Supplementary Fig. 13). cis P-tau in
human TBI CSFs migrated as a single major band of 50 kDa on
SDS-gels, similar to those observed in TBI mouse brain samples*®
(Figs. 4c, 5b, and 6b), although additional slower migrated bands
were also observed in post-mortem AD CSFs (Fig. 2a, Supple-
mentary Fig. 13). The presence of CSF cis P-tau in human
patients was further confirmed by a functional assay in vitro.
Since cis P-tau is able to enter neuroblastoma SY5Y cells and
induce cell death after being added to culture media*®, we added
human TBI CSF or control CSF samples to culture media of
growing SY5Y cells for 3 days; we then assayed cell death using
the live/dead cell assay, as described*®. TBI CSF samples but not
control CSF samples induced neuron death in a dose-dependent
manner (Fig. 2b, ¢). Neuron death was significantly blocked by
immunodepleting cis, but not trans P-tau using the respective
mAbs prior to being added to culture media (Fig. 2b, ¢), sup-
porting the specificity of cis P-tau-induced neuron death®.
Depletion of total tau using Tau5 mAb also prevented the ability
of human TBI CSFs from inducing neuron death (Fig. 2c), as
shown previously for TBI brain lysates to induce neuron death?®,

Next, to examine the significance of cis P-tau in human TBI, we
used direct ELISA to measure CSF cis P-tau levels between days 4
and 6 after injury in 26 patients with severe TBI (GCS <8) from
two tertiary care centers who had undergone EVD placement as
part of their routine clinical care. We examined the correlation of
acute cis P-tau expression with the Glasgow Outcome Scale
(GOS) score in 20 patients with 1 year of follow-up (Fig. 2d, e,
Supplementary Table 2). We used an ordered logistic regression
model with 1 year GOS score as the outcome and CSF cis P-tau
level as the main predictor, controlling for age, gender, and initial
Glasgow Coma Scale (initial injury severity) score. In the
multivariable model, there was a significant, inverse relationship
between CSF cis P-tau levels and the GOS outcome (p =0.005)
(Fig. 2d, e). Although further studies are needed to establish
utility of CSF cis P-tau as a biomarker in TBI, these results show
that severe TBI in humans acutely induces cis P-tau in the cortex
and CSF, correlating with traumatic axonal injury and clinical
outcome.

Cis P-tau found in deeper brain regions in CTE patients. Given
the correlation between cis P-tau and 1-year clinical outcome of
patients with TBI, we next asked if cis P-tau is associated with
chronic TBI pathologies. To address this question, we examined
the relationship between cis P-tau and other secondary neuro-
pathologies. We obtained the post-mortem brains of eight ath-
letes involved in collision sports who were <75 years of age and
met criteria for CTE, from two independent sources, and com-
pared them to age-matched controls (Supplementary Table 3). In
CTE brains, we found that cis P-tau was detected not only in the
cortex, but also in deeper regions, such as the thalamus (Fig. 3a,
b), consistent with our previous findings in mouse models
showing that cis P-tau spreads across different brain regions with
time after impact-induced or blast-induced TBI*®. Moreover, cis
P-tau was correlated with the presence of a range of the neuro-
pathological features of CTE including axonal pathology (Gallyas
silver staining) (Fig. 3¢, d; Supplementary Fig. 3a, b), tau oligo-
merization (T22) (Fig. 3e, f), early tangles (AT8) (Fig. 3g, h), and
late tangles (AT100) (Supplementary Fig. 3c, d). Furthermore,
we observed other secondary pathologies including glial
fibrillary acidic protein (GFAP)-positive astrocytes (Fig. 3i, j)
and Ibal-positive microglia (Fig. 3k, 1) (two common indica-
tors of chronic neuroinflammation®), TDP-43 pathology (espe-
cially with increased mislocalization spreading from the
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nucleus to cytoplasm (Supplementary Fig. 3e—g) and demyeli- (Supplementary Fig. 3h, i) both in the cortex and thalamus. APP
nation as detected by the oligodendroglial cell (myelin producing) also accumulated in CTE patients (Supplementary Fig. 4a, b).
marker CNPase (2',3'-Cyclic-nucleotide 3’-phosphodiesterase)  Although AP plaques (AB40 or AP42) were detected in some CTE
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Fig. 1 Severe TBI in humans due to motor vehicle accidents, assaults or falls induces prominent axonal injury and axonal cis P-tau induction in the cortex. a,
b Severe TBI in humans induces early cis P-tau induction and axonal injury in the cortex. Whereas neither cis nor trans P-tau nor axonal injury was detected
in normal brains or 1h after TBI due to motor vehicle accident, robust cis P-tau and axonal injury, but not trans P-tau were detected in the cortex, but not in
the hippocampus, as early as 8 h after motor vehicle accident, as detected by double IF, followed by isotype-specific secondary antibodies a or Gallyas
silver staining b. Microscope images correspond to the cortex and hippocampus of control and TBI patients. TBI cases due to falls and assaults are shown in
Supplementary Fig. 1. The number of TBI patients is 14. White arrows point to cis P-tau localization to axons; Red arrows point to axonal bulb. White scale
bars, 20 um and black scale bars, 40 um. ¢, d cis P-tau (red) is diffusely co-localized (white arrows) with the axon marker tau (green) ¢, but not the dendrite
marker MAP2 (green) d in human TBI cortex, with little cis in control, as detected by double IF, followed by confocal microscopy. e-h Cis P-tau is robustly
induced after TBI in the absence of tau oligomers or tangles. Cortical sections of severe human TBI due to motor vehicle accidents were doubly
immunostained with cis mAb (red) and T22 (tau oligomers) e, g or AT100 (tau tangles) f, h, followed by confocal microscopy. Normal controls as well as
CTE and AD brains were used as negative and positive controls, respectively. Of note, cis mAb partially co-localized with T22 or AT100 in CTE or AD
brains, but not in acute TBI brains
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Fig. 2 Cis P-tau in the CSF of severe TBI patients is neurotoxic and correlates with clinical outcome at 1 year after injury. a Detection of cis P-tau in the CSF
of a TBI patient was performed by subjecting control CSF or CSF specimens collected from EVD at different times after TBI due to jumping into an
oncoming train to immunoprecipitation with cis mAb, followed by immunoblotting with rabbit anti-tau mAb (top panel) or to direct ELISA with cis mAb in
OD at 450 nm (bottom panel). Post-mortem Alzheimer's patient CSF (AD) and control CSF were used as positive and negative controls, respectively. b, ¢
Addition of TBI CSF to neurons induces dose-dependent cell death in recipient cells, which are fully rescued by immunodepletion with cis, but not trans
mAb. Human control and TBI CSF specimens were added to culture media of SY5Y neurons for 3 days, followed by the live (green)/dead (red, white
arrows) cell assay. For immunodepletion, cis or trans mAb was incubated with TBI CSF to deplete cis or trans p-tau before adding to cells. n=3. d, e Cis P-
tau levels of CSFs taken day 4 to 6 days after injury of acute TBI patients were measured by direct ELISA and an ordered logistic regression was used to
model 1 year GOS as the outcome and cis P-tau level in OD at 450 nm as the main predictor, controlling for age, gender and initial Glasgow Coma Scale.
Supplementary Table 2 shows demographic information for the subjects. n=20

patients (Supplementary Fig. 4c—f), plaque volume between cases
and controls did not differ (Fig. 3¢, Supplementary Fig. 4c—f).

Cis mAb improves acute phase outcomes after ssTBI. The
association of early cis P-tau with clinical outcomes after severe
TBI, and the correlation of cis P-tau with other neurodegenerative
consequences suggest that cis P-tau may be crucial for the
development and progression of not only tau pathology, but also
for other short-term and long-term outcomes of ssTBI and
rmTBI. To address this question, we subjected young adult
C57BL6 mice to a weight drop closed head injury, delivering a 54-
gram weight from a height of 60 inches to the cranium of an
unrestrained mouse, allowing rapid rotational acceleration of the
head to produce single severe/moderate impact closed head TBI
(ssTBI). This resulted in nearly 100% convulsive activity and
obvious cis P-tau induction, without a skull fracture or
contusion’® 48 5% 60 After injury, we examined the relationships
between cis P-tau and various pathological and functional chan-
ges at 48 h, 2 weeks and 6 months after injury. As shown pre-
viously, we found that cis, but not trans, P-tau was induced in the
cortical axons at 48 h after ssTBI (Supplementary Fig. 5a, b).
Importantly, traumatic axonal injury and pathology was obvious
at this time, as detected by Gallyas silver-positive axonal bulbs
(Supplementary Fig. 5¢), and supported by axonal accumulation
of APP (Supplementary Fig. 5d). Notably, changes observed soon
after injury were limited to the cortex close to the impact site, but
not found in deeper brain regions, such as the hippocampus and
thalamus (Supplementary Fig. 5). We also investigated whether
other tau and/or neurodegenerative pathologies might appear
acutely after ssTBI using well-characterized antibodies. We found
no clear evidence of tau oligomers, early or late tangles
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(Supplementary Fig. 5e—g) or other neurodegenerative changes
including GFAP-positive astrocyte or Ibal-positive microglia
(Supplementary Fig. 5h, i), Ap (Supplementary Fig. 5j) or TDP-43
pathology (Supplementary Fig. 5k), neuronal loss (as detected by
the neuronal specific nuclear protein-NeuN) (Supplementary
Fig. 51) or demyelination (by the oligodendrocyte marker
CNPase) (data not shown) at 48 h after injury. At later time
points after injury, cis P-tau (Fig. 4c, d, Supplementary Fig. 14)
and diffuse axonal injury (DAI) (Fig. 4e) persisted, along with the
appearance of astrogliosis (Supplementary Fig. 6e) in the cortex at
2 weeks, spreading deeper to other brain regions such as the
hippocampus at 6 months (Fig. 5, Supplementary Figs 6, 15).
Other tau pathologies, including tau oligomers, early and late
tangles, and neurodegenerative pathologies appeared in deeper
brain regions such as hippocampus at 6 months (Fig. 5, Supple-
mentary Fig. 6), but not at 2 weeks after ssTBI (Fig. 4, Supple-
mentary Fig. 6). These results suggest that in a severe preclinical
impact and acceleration TBI model, closed head injury induces
prominent cis P-tau along with DAI without any other commonly
known tau pathology or other secondary pathologies in the brain
surface cortex acutely after injury. With time, cis P-tau spreads to
deeper brain regions along with the appearance of other tau
pathologies and other secondary and neurodegenerative
pathologies.

To test whether cis P-tau is causative rather than just associated
with functional and neurodegenerative features of TBI, we treated
ssTBI mice with cis P-tau mAb. We have previously shown that
peripherally administrated cis P-tau mAb is able to enter the
brain and can effectively eliminate cis P-tau by targeting
intracellular cis P-tau for proteasome-mediated degradation as
well as preventing extracellular cis P-tau from spreading to other
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Fig. 3 Cis P-tau is expressed in both the cortex and deep brain regions and correlates with various neuropathological features in CTE patients. CTE brain
sections of the cortex and thalamus from eight collision sport athletes under ages of 75 from two independent sources and age-matched controls
(Supplementary Table 3) were subjected to immunostaining or Gallyas silver staining, followed by confocal microscopy and light microscopy, respectively,
to detect cis P-tau and various CTE pathologies. Cis P-tau staining a, b was correlated with the presence of axonal pathology, as detected by Gallyas silver
staining ¢, d, tau oligomerization (T22) e, f, early tangles (AT8) g, h, astrogliosis (GFAP) i, j and microgliosis (Iba1) k, I in two different brain regions. Inset
images are the high magnification image of selected area denoted by the white. Of note, there was not detectable signals when secondary antibodies were
used alone (data not shown). Scale bar, 40 pm. Different types of pathologies in CTE brains revealed by Gallyas silver staining: senile plaque (blue arrow);
neurofibrillary tangles (green arrow); axonal bulb (red arrow). Ctx, parasagittal cortex; Thal, thalamus; ND, not detectable; NS, not significant. Images were
quantified and results are shown as means + S.E.M. and p-values calculated using unpaired two-tailed parametric Student's t-test. *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001

6 |8:1000 | DOI: 10.1038/541467-017-01068-4 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

a b c ssTBl+ ssTBI+ ssTBl+ ssTBl+
e g 19G3 9G4 cis3 cis4
(] [
S 5 1 2 1 2 1 2 1 2
ssTBI ssTBI c T
is p-Tau | —— —— 3
I cis3amAborigGs, ip. I Cist mAb or IgG4, iip. P
& : y U Ll nui e epepenenes e e e
2w 2w — = :
Actin .---------
d DAPI + cis p-Tau Cis p-Tau immunoreactivity
Sham ssTBI+IgG3 ssTBI+cis3 g Ledge assay h String susp. assay
> i
. B 0 207 2. X o 20 fl
c 5 — — o
(6] Qo o ]
L z 3 15 8 15
18 %‘ o c
© > @ 1.0 £2 10
g S 5
S 05 S 05
el
3 0 3 0
e Gallyas silver Sham Sham Sham Sham
Sham ssTBI+IgG3 ssTBI+cis3 =) IgG3 19G4 IgG3 IgG4
< cis3  cis4 cis3  cis4
=
o g J Spo_ntaneous
I o voiding pattern
T 8 analysis
a 28
le) I3 NS NS
L o —
| 2 6
1 | | | c
f DAPI +T22 T22 immunoreactivity! |- | E 4
- ! ! | ssTBI+IgG3 -
Sham ssTBI+IgG3 ssTBl+cis3 - 8 S o
; r =
§°] z0
8 i 77777 ssTBIl+cis3
o |
€ §’ ! . ’
2229 | : ~ 1500
I Z2Z22Z) i «
i i SR i £
mPFC. HC | Thal BLA | SSTBI+lgG4 E
I Sham EEM ssTBIl+lgG M ssTBl+cis 4 3 W 59 1000
i "6 ,“_s
,,,,, : F o 500
ssTBI+cis4 £
g o0
Sham Sham
1gG3  1gG4
cis3  cis4

Fig. 4 Eliminating cis P-tau in ssTBI mice with cis mAb prevents a range of pathological and functional outcomes during the acute phases. Mice were
subjected to one of two treatment regimens involving 3 or 4 i.p. injections of cis mAb for 2-weeks a, b, followed by functional, biochemical, and pathological
examinations. Orange arrows, ssTBI; black arrows, antibody injection; green lines, functional, or pathological assays. Cis mAb treatment of ssTBI mice for
10 days effectively eliminated cis P-tau induction and total tau accumulation, as detected by immunostaining and immunoblotting ¢, d, restored axonal
pathology by Gallyas silver staining e, without any tau oligomerization f, as well as prevented sensorimotor coordination deficits, as detected by Ledge
assay g and string suspension h at 2 weeks after injury, with no change in urinary pattern at this time (that is, all mice urinated in the corner of cages
indicated by blue fluorescent urine, as expected for normal mice) i, j. Microscope images correspond to the medial prefrontal cortex of sham (left), ssTBI +
IgG (middle), and ssTBI + cis mAb (right) with quantification data in different brain regions being present at right panels. Inset images are the high
magnification image of selected area denoted by the white. Scale bar, 40 pm. Axonal bulb also referred to as a retraction ball indicated with red arrow in
Gallyas silver staining. mPFC, medial prefrontal cortex; HC, hippocampus; Thal, thalamus; BLA, basolateral amygdala. ND, not detectable; NS, not
significant. Brains from 4-5 WT male mice were studied in immunohistochemistry, 5-6 mice underwent urinary pattern test and 9-10 WT mice
underwent other behavioral studies per group. The data were presented as means + SEM. The p-values were calculated using unpaired two-tailed
parametric Student's t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

neurons after TBI in mice®. This is consistent with many
previous results showing that immunotherapy can effectively
remove toxic proteins in the brain®” 28 53 %% Therefore, we
evaluated the effects of cis P-tau mAb treatment on other
neurodegenerative pathologies and functional outcome. Although
there is no common scoring system to assess functional outcomes
in preclinical TBI models to correlate with the widely used clinical
outcome measure, GOS, we chose functional outcomes based on a

|8:1000

robust literature in preclinical TBI models®*~®2, After treating
ssTBI mice with cis mAb or IgG isotype control for 2 weeks
with 3 or 4 intraperitoneal (i.p.) injections (200 pg each) over
10 days (Fig. 4a, b), cis mAb eliminated toxic cis P-tau induction
(Fig. 4c, d, Supplementary Fig. 14), silver-positive inclusion
(Fig. 4e), APP accumulation (Supplementary Fig. 6b) and
astrogliosis (Supplementary Fig. 6e) in the cortex without
changing physiological trans P-tau (Supplementary Fig. 6a).
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Fig. 5 Eliminating cis P-tau in ssTBI mice with cis mAb prevents a range of pathological and functional outcomes during the chronic phase. Mice were
subjected to long-term treatment regimens over 4-months, followed by a 2-month washout a and then underwent functional, biochemical, and pathological
examinations. Orange arrows, ssTBI; black arrows, antibody injection; green lines, functional, or pathological assays. Cis mAb treatment of ssTBI mice for
4 months effectively eliminated cis P-tau induction and total tau accumulation b, ¢, and prevented the development of axonal pathology d and tau
oligomerization e both in the cortex and hippocampus, as well as prevented sensorimotor coordination deficits, as detected by Ledge assay f and string
suspension g and urinary incontinence as assayed by spontaneous urinary pattern i at 6 months after injury, with no deficit in novel object location recognition
h. Microscope images correspond to the medial prefrontal cortex of sham (left), ssTBI + 1gG (middle), and ssTBI + cis mAb (right) with quantification data in
different brain regions being present at right panels. Inset images are the high magnification image of selected area denoted by the white. Scale bar, 40 pm.
Axonal bulb also referred to as a retraction ball indicated with red arrow in Gallyas silver staining. mPFC, medial prefrontal cortex; HC, hippocampus; Thal,

thalamus; BLA, basolateral amygdala. ND, not detectable; NS, not significant.

Brains from 4-5 WT male mice were studied in immunohistochemistry, 5-6

mice underwent urinary pattern test and 9-10 WT mice underwent other behavioral studies per group. The data were presented as means + SEM. The p-

values were calculated using unpaired two-tailed parametric Student's t-test.

Treatment with cis P-tau mAb also prevented sensorimotor
coordination deficits, as detected by Ledge assay®® (Fig. 4g) and
string suspension®® (Fig. 4h). At 2 weeks after injury, we did not
detect significant deficits in novel location recognition
memorz65’ 6 (Supplementary Fig. 7k) and spontaneous urinary
pattern®” (Fig. 4i, j) in the two TBI groups when compared with
the sham control. In addition, we did not detect tau oligomeriza-
tion (Fig. 4f), early and late tangle formation (Supplementary
Fig. 6¢, d), Ibal-positive microglia (Supplementary Fig. 6f), TDP-
43 pathology (Supplementary Fig. 6g), AP pathology (Supple-
mentary Fig. 7a, b), neuronal loss (Supplementary Fig. 7c) or
demyelination (Supplementary Fig. 7d, e) in the two TBI groups
compared with sham mice at 2 weeks after severe injury.

Cis mAb improves chronic phase outcomes after ssTBI. In
contrast to 2 weeks after ssTBI, at 6 months the development and

8
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*p<0.05, *p < 0.01, **p < 0.001, ****p < 0.0001

spreading of other tau pathology (tau oligomers, early and late
tangles) and neurodegenerative pathologies, together with the
emergence of more behavioral deficits, were observed (Fig. 5 vs.
Fig. 4). Notably, intermittent cis mAb treatment for 4 months
(Fig. 5a) not only eliminated and blocked spreading of cis P-tau
(Fig. 5b, ¢, Supplementary Fig. 15), axonal pathology (Fig. 5d) and
astrogliosis (Supplementary Fig. 61) into the hippocampus with-
out affecting physiologic trans P-tau (Supplementary Fig. 6h), but
also prevented tau oligomerization (Fig. 5e), tangle-like formation
(Supplementary Fig. 6j, k), and APP accumulation (Supplemen-
tary Fig. 6i). We did not detect reactive microgliosis (Supple-
mentary Fig. 6m), TDP-43 pathology (Supplementary Fig. 6n),
AP pathology (Supplementary Fig. 7f, g), neuronal loss (Supple-
mentary Fig. 7h) or demyelination (Supplementary Fig. 7i, j) in all
three groups at 6 months after ssTBI. Functionally, ssTBI did not
lead to deficits in the novel location recognition (Fig. 5h) or
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Fig. 6 Treating ssTBI mice with 3 i.p. cis mAb with 4 or 8 h delay eliminates cis P-tau and restores sensorimotor coordination deficits at 2 weeks after injury.
Treating ssTBI mice with 3 i.p. of cis mAb even with 4 or 8 h delay a effectively eliminated cis P-tau induction b, and restored sensorimotor coordination
deficits (ledge assay and string suspension assay) ¢, d. Urinary incontinence was not observed after 2-weeks e. Orange arrows, ssTBI; black arrows,

antibody injection; green arrows, functional, or pathological assays. The data were presented as means + SEM. The p-values were calculated using unpaired

two-tailed parametric Student’s t-test. *p < 0.05, NS, not significant

baseline exploratory/locomotion activity assayed by dim-light
open field test (Supplementary Fig. 8a—c). However, although cis
mADb treatment did not improve the performance on the Morris
water maze (Supplementary Fig. 8f), as shown previously?, it
restored performance to sham level for other functional outcomes
including sensorimotor and coordination imbalance as detected
by the Ledge assay (Fig. 5f, Supplementary Movie 1) and string
suspension (Fig. 5g, Supplementary Movie 2), and urinary
incontinence, as detected by spontaneous urinary pattern

(Fig. 5i). Sensorimotor/coordination defects®®7® and urinary
incontinence’"> 72 are major clinical problems in severe TBI
patients.

Delayed cis mAb administration improves outcomes after
ssTBI. As a proof of concept to evaluate the efficacy of a shorter
course of cis mAb treatment with delayed administration, we
investigated two shorter treatment regimens consisting of four
doses (4 i.p. injections at days 1, 3, 7, and 10 starting immediately
after ssTBI injury) and 3 doses (3 i.p. injections at days 1, 3, and
5, starting up to 8 h after ssTBI) (Fig. 6a). The shorter regimens
were effective in eliminating cis P-tau induction (Fig. 6b, Sup-
plementary Fig. 16) and preventing sensorimotor/coordination
imbalance at 2 weeks after ssTBI (Fig. 6¢, d), even when cis mAb
treatment was delayed 4 or 8 h after injury (Fig. 6a). Again, there
was no obvious defect between sham and the two treated TBI

NATURE COMMUNICATIONS | 8:1000

groups in spontaneous urinary pattern (Fig. 6e). These data
suggest that a short-term, intensive loading dose of cis mAb
treatment, started at delayed time points after injury, might be
sufficient to eliminate cis P-tau induction in rodent models, but
further evaluation of the treatment window and duration of
therapy is warranted.

Cis mAb prevents CTE pathology and dysfunction after
rmTBI. We next asked whether cis mAbD is able to prevent the
development of CTE-like Eathology using an established weight-
drop model of rmTBI*® 4% €0, Mice underwent seven injuries in
9 days (54-gram weight, 28” drop height) and were treated with
cis mAb or control IgG isotype for 4 month, followed by
2 months of washout without treatment, as described in Methods
section. Functional outcomes were assessed at 6 months after
injury after which mice were killed and examined for histo-
pathological outcomes (Fig. 7a, b). Compared to ssTBI mice at
6 months, rmTBI mice demonstrated stronger evidence of a range
of secondary pathologies, including axonal pathology, cis P-tau
and tau tangles, AP loading, gliosis, neuroinflammation, TDP-43
pathology and demyelination, as well as wider and deeper
spreading of pathologies to various brain regions including white
matter and cerebellum (Fig. 7, Supplementary Fig. 9), similar to
human CTE (Fig. 3, Supplementary Fig. 3). Treatment with Cis
mAb eliminated the induction of c¢is P-tau (Fig. 7¢, d,
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accumulation (Fig. 7g), Ibal-positive microglia and GFAP-
positive astrocytes (Fig. 7h, i), TDP-43 pathology (Fig. 7j) with

increased cytoplasmic mislocalization of TDP-43 (Fig. 7k, 1), and
demyelination (Fig. 7m, n, Supplementary Fig. 9f-g) throughout

>

C

Fig. 70) across

and blocked other secondary pathologies after TBI including APP
different brain regions (Fig. 7b). Furthermore, cis mAb also

(

prevented total tau accumulation (Fig. 7c), tau oligomerization
(Fig. 7f), and tangle-like formation (Supplementary Fig. 9b,

Supplementary Fig. 17) and axonal pathology (Fig. 7e),
Supplementary Fig. 10c, d) as well as neuron loss
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the brain including the cortex, hippocampus, thalamus, amyg-
dala, and even cerebellum. Anti-paired helical filament (PHF)-tau
immunostaining and Thioflavin-S staining also showed robust
tangle-like pathology in the frontal cortex 6 months after rmTBI
(Supplementary Fig. 10c, d), although not so obvious after ssTBI
(Supplementary Fig. 10a, b). These tangle-like pathologies were
effectively mitigated by elimination and neutralization of cis P-tau
by treatment with cis mAb (Supplementary Fig. 10). Notably, we
also observed tangle-like pathology and increased astrocytosis in
the periventricular and perivascular elements in rmTBI mice
(Supplementary Figs. 11, 12) resembling those found similar in
humans with CTE, which were also mitigated by neutralization of
cis P-tau by treatment with cis mAb (Supplementary Figs. 11, 12).
rmTBI led to a statistical trend in increased AP deposition and
treatment with cis mAb also prevented the increase (Supple-
mentary Fig. 9d, e). Moreover, although rmTBI did not lead to
deficits in exploratory or locomotion activity (Supplementary
Fig. 8d, e), cis mAb prevented the development of a range of other
clinically relevant functional outcomes including sensorimotor
coordination imbalance (Fig. 8a—c), urinary incontinence
(Fig. 8d, e), and memory deficit as detected by novel object
location recognition test (Fig. 8f, g). These results indicate that cis
mAD treatment eliminates cis P-tau induction and spread, and
also prevents the development of a range of CTE-like pathological
features and functional outcomes after rmTBI.

Efficacy of cis mAb in improving outcomes across studies. To
test the efficacy of cis mAb to improve functional outcomes across
the injury (ssTBI and rmTBI) and treatment (immediate or
delayed) regimens, we pooled data and performed two statistical
analyses. First, we normalized the data of each experiment by
sham for comparing experiments, and then combined all of the
data and calculated the mean and SD, followed by calculating
combined fold change, cis mAD effect size, Cohen’s d or z-score
effect size, and combined p-value. Cohen d, defined as standar-
dized mean difference, is commonly used as an effect size for
continuous data following a normal distribution to indicate the
standardized difference between two means’>. Cohen d is scaled
and classified as small (d = 0.2), medium (d = 0.5), large (d = 0.8),
very large (d = 1.2), or huge (d = 2.0). For three tests (Ledge assay,
string suspension and voiding pattern tests), which do not have
continuous data following a normal distribution, we instead cal-
culated the z-score effect size from the rank sum test and divided
by the square of the number of observations, to get a statistic that
may be a nonparametric alternative to Cohen’s d’°. This data
analysis showed that cis mAb prevented the development of an
array of histopathological and functional outcomes after ssTBI or
rmTBI (Table 1). To further support these findings, we employed
factor analysis’* for the functional and pathological outcomes

across all ssTBI and rmTBI studies, under the assumption that
treatment addresses a latent behavior construct factor, ie., a
common mechanism, across studies (Supplementary Table 4), as
described in Methods section. Factor analysis is a statistical
method intended to explain the relationships among several dif-
ficult to interpret, correlated variables in terms of a few con-
ceptually meaningful, relatively independent factors and is
frequently employed in clinical neuropsychiatric studies’*. Using
conventional factor loading cutoff of 0.3 to determine variable
retention’4, we performed factor analysis for histopathological
outcomes (7 histopathological outcomes in cortex and hippo-
campus), functional outcomes (three behavior assays), and
combined histopathological and functional outcomes. In each of
these factor analyses, the scree plot demonstrated one factor to be
retained for linear regression leaving one latent construct each for
histopathological outcomes, functional outcomes, and combined
histopathological and functional outcomes. We next performed a
distinct linear regression for each latent construct outcome with
indicator variables for injury and treatment as the predictors. On
linear regression, we found that IgG treated mice were different
than sham mice or cis mAb treated mice, but there was no dif-
ference between sham mice and cis mAD treated mice in terms of
the latent histopathology, latent behavior or combination con-
structs (Supplementary Table 4). Both data analyses demonstrate
the potent efficacy of cis mAb in preventing the development and
progression of histopathological and functional outcomes across
ssTBI and rmTBI studies.

Discussion

Here we demonstrate the significance of cis P-tau across a spec-
trum of TBI mechanisms and pathologic outcomes at acute and
chronic time points. Having previously identified cis P-tau as an
early driver of tau pathology and neurodegeneration after severe
closed head TBI in preclinical models and offering a potential link
between TBI and neurodegeneration?®~>, we now demonstrate
the relevance of cis P-tau to human TBI, including severe single
TBI and CTE. In addition, we also define the role of cis P-tau in
the development and treatment of other short-term and long-
term consequences of TBI, including a wide array of CTE-like
neurodegenerative features, such as axonal pathology, tau, APP,
and TDP-43 pathologies, neuroinflammation, neuronal loss,
white matter degeneration and cerebellar pathology, as well as
clinically relevant functional deficits, including sensorimotor
coordination imbalance, urinary incontinence, and cognitive
impairment. Despite a growing clinical literature demonstrating
that TBI is an important environmental risk factor for neurode-
generative disease such as CTE’~1? and AD!!"!4, the causal link
and underlying mechanisms between TBI and these neurode-
generative outcomes remains unclear®!0 and the role of tau

Fig. 7 Eliminating cis P-tau in rmTBI mice with cis mAb prevents the development of a range of pathological features resembling those found in human CTE.
Mice were subjected to seven mild TBI events over 9 days and were treated with cis mAb or IgG isotype control over 4 months, followed by 2 months of
washout, before assaying pathologies in different brain regions a, b. Blue arrows, rmTBlI; black arrows, antibody injection; green line, functional, or
pathological assays. Cis mAb treatment of rmTBI mice eliminated induction and spreading of cis P-tau and total tau ¢, d, prevented the development and
spreading of axonal pathology e, tau oligomerization f, APP accumulation g, GFAP-positive astrocyte h, Iba-positive microglia i, TDP-43 pathology with
increased cytoplasmic mislocalization of TDP-43 j-I. Line graphs showing the relative IF intensity of TDP-43 across a single cell k, | (Blue line, DAPI; red
line, TDP-43). Cis mAb treatment also prevented the demyelination as detected by CNPase IF m, n, and neuronal loss o in different brain regions. Shorter
exposure of ECL for total tau immunoblots in € was used due to a huge increase in total tau in rmTBI mice, as expected because cis P-tau is resistant to
protein degradation. Microscope images corresponded to the medial prefrontal cortex of sham (left), rmTBI +IgG (middle), and rmTBI + cis mAb (right)
with quantification data in different brain regions being present at right panels. Inset images are the high magnification image of selected area denoted by
the white. Scale bar, 40 pm. Red arrows point to axonal bulb in Gallyas silver staining. mPFC, medial prefrontal cortex; HC, hippocampus; Thal, thalamus;
BLA, basolateral amygdala; CC, corpus callosum; IC, internal capsule; Cb, cerebellum. ND, not detectable; NS, not significant. Brains from 4-5 WT male
mice were studied in immunohistochemistry per group. The data are presented as means + SEM. The p-values were calculated using unpaired two-tailed
parametric Student's t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Fig. 8 Eliminating cis P-tau in rmTBI mice with cis mAb prevents the development of clinically relevant functional deficits. Cis mAb treatment of rmTBI mice
prevents sensorimotor coordination deficits, as detected by Ledge assay a, string suspension b and accelerated rotarod ¢, and urinary incontinence, as
assayed by spontaneous urinary pattern analysis d, @ and memory deficit, as assayed by novel object location recognition test at 6 months after injury f, g.
5-6 mice underwent urinary pattern test and 9-10 WT mice underwent other behavioral studies per group. The data are presented as means + SEM. The
p-values were calculated using unpaired two-tailed parametric Student's t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001

pathology, a common feature of these neurodegenerative out-
comes, is not known’1% 19,

To detect cis P-tau acutely after TBI and determine its sig-
nificance in acute and chronic TBI in humans, we examined cis P-
tau in autopsy specimens from patients with fatal TBI and CTE,
as well as in CSF samples from patients with severe TBI. We
found that diverse mechanisms of severe TBI due to motor
vehicle accidents, assaults or falls result in acute and robust
induction of cis P-tau in axons, along with axonal injury mainly
in the cortex, but without other neurodegenerative changes in tau,
AP or TDP-43-related pathologies and Ibal-positive reactive
microglia within the first month after injury. We found that cis P-
tau in the CSF of TBI patients displays dose-dependent neuro-
toxicity in vitro, and is highly correlated with the clinical outcome
of patients with TBI at 1 year after injury, further supporting its
pathological significance. However, in human subjects with
exposure to repetitive head trauma who are diagnosed with CTE
at autopsy, robust cis P-tau is not only detected in the brain
surface cortex, but also in deeper brain regions such as the tha-
lamus, and is closely associated with a range of neuropathological
features of CTE including axonal pathology, tau, APP, and TDP-
43 pathologies, neuroinflammation, neuronal loss, white matter
degeneration, and cerebellar pathology. These results not only
support our previous findings that cis P-tau is crucial for the
development and progression of tau pathology*®, but also suggest
that cis P-tau may be involved in the development and progres-
sion of other short-term and long-term outcomes of ssTBI and
rmTBI. Although the correlation of cis P-tau with the 1 year
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clinical outcome and pathological changes in human TBI patients
is intriguing, large scale longitudinal studies are needed to vali-
date whether cis P-tau is a predictive biomarker of injury and
recovery. Moreover, there may be additional potential con-
founding or effect-modifiers, making it difficult to establish a
causative role for cis P-tau in the development of acute and
chronic pathological changes after TBI.

To test whether cis P-tau is an early, key mediator of diverse
neurodegenerative changes and functional impairment after TBI,
we utilized established closed head injury models of ssTBI and
rmTBI to evaluate the effects of cis mAb therapy on pathological
and functional outcomes after injury. Here we demonstrate that
ssTBI acutely induces prominent cis P-tau before tau oligomer-
ization or tangle formation, or other secondary pathologies in the
injured cortex. With time, cis P-tau spreads to deeper brain
regions along with the appearance of other tau pathology, other
secondary and neurodegenerative pathologies as well as func-
tional deficits. Importantly, treating ssTBI mice with cis mAb
effectively eliminates cis P-tau induction, axonal pathology and
astrogliosis, and also prevents sensorimotor coordination deficits
at 2 weeks after injury. At 6 months after injury, cis mAb not only
eliminates and blocks spreading of cis P-tau, axonal pathology
and astrogliosis into the hippocampus, but also prevents other
mechanisms of secondary and neurodegenerative pathologies.
These include tau oligomerization, tangle formation, gliosis and
APP accumulation, as well as prevention of sensorimotor coor-
dination deficits and urinary incontinence.
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Table 1 Combined therapeutic outcomes of cis mAb treatments in ssTBI mice or rmTBI mice regimens
TBI-related Experimental tests Treatment regimen No of total No of mice Pathological and fi (fold + SD) Cohen's d* or z-score p-value
outcomes (as used in figures) mice used each group effect size**
Combined Combined Cis mAb/ Cis mAb combined
1gG/Sham Sham effect size
Selected pathological outcomes
Cis P-tau Cis P-tau (cortex) 5a; 4a; 7a 39 3-4 100.7+0.28 11.3+0.25 8.91+0.36 5.99 <0.0001
Cis P-tau (hippo.) 5a; 4a; 7a 39 3-4 67.8+0.88 5.87+0.19 1M.5+091 1.98 <0.0001
Trans P-tau Trans P-Tau (cortex)  5a; 4a; 7a 39 3-4 1.00+0.22 1.00+0.21 1.00+0.23 0.02 >0.05
Trans P-Tau (hippo.) 5a; 4a; 7a 39 3-4 1.04+024 1.03+0.26 1.01+0.21 0.03 >0.05
Axonal injury Gallyas silver (cortex) 5a; 4a; 7a 39 3-4 20.8+6.51 1.66+0.58 125+ 6.51 2.26 <0.0001
Gallyas silver (hippo.) 5a; 4a; 7a 39 3-4 152+465 146+056 10.5+4.67 221 <0.0001
Other tau pathology ~ T22 (cortex) 5a; 4a; 7a 39 3-4 81.8+0.81 898+0.22 912+0.83 2.09 <0.0001
T22 (hippocampus) 5a; 4a; 7a 39 3-4 64.4+085 585+0.21 11.0+0.87 1.93 <0.001
AT8 (cortex) 5a; 4a; 7a 39 3-4 69.0+0.84 123+0.27 5.63+0.89 1.75 <0.0001
AT8 (hippocampus) 5a; 4a; 7a 39 3-4 63.8+0.81 716+0.22 8.91+0.87 1.85 <0.0002
AT100 (cortex) 5a; 4a; 7a 39 3-4 59.8+0.84 739022 8.08+0.86 17 <0.0001
AT100 (hippocampus) 5a; 4a; 7a 39 3-4 60.2+0.80 6.56+0.21 918 +0.81 1.86 <0.0003
APP accumulation APP (cortex) 5a; 4a; 7a 39 3-4 3.82+0.43 139+0.19 274+ 0.46 2.09 <0.0001
APP (hippocampus) 5a; 4a; 7a 39 3-4 259+0.46 112+0.12 230+0.45 1.47 <0.006
Neuron inflammation  GFAP (cortex) 5a; 4a; 7a 39 3-4 162+013 1.06+0.03 1.52+0.14 1.68 <0.0005
GFAP (hippocampus)  5a; 4a; 7a 39 3-4 142+0Mm 1.03+0.02 137+ 01 1.51 <0.001
Selected functional outcomes
Sensorimotor Ledge test 4a, b; 5a; 6a, b; 7a 99 5-9 292+038 1.06+0.19 2.74+0.49 0.64** <0.0001
coordination defects
String suspension 4a, b; 5a; 6a, b; 7a 99 5-9 332+0.66 1.00+0.24 3.34+0.81 0.56** <0.0001
Accelerating rotarod ~ 7a 27 9 122+0.05 0.90+0.03 1.35+0.04 1.22 <0.03
Cognitive loss Novel location recog.  7a 27 9 127+0.05 0.91+0.03 138 +£0.05 1.21 <0.03
Urinary control Voiding pattern 5a; 7a 42 5-9 145+0.09 0.93+0.06 1.56 +0.10 0.55** <0.002
*Cohen d is classified as small (d=0.2), medium (d=0.5), large (d=0.8), very large (d=1.2), or huge (d=2.0). **z-score is a nonparametric alternative to Cohen'’s d
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Short-term and long-term outcomes

Fig. 9 A model for the roles of cis P-tau and its mAb in the development and
treatment of ssTBI and rmTBI. ssTBI or rmTBI causes persistent and robust
cis P-tau induction before other tau pathology likely due to axon injury. Cis
P-tau mainly localizes to axons and causes and spreads axonal pathology,
contributing to the development and progression of a range of
neuropathological and functional outcomes during acute and chronic
phases, including those pathological features resembling human CTE.
Treatment of ssTBI or rmTBI mice with cis mAb not only eliminates cis P-
tau and blocks its spreading, but also prevents the development and
progression of a range of neuropathological and functional outcomes after
injury

We have provided direct evidence that rmTBI in mice is suf-
ficient to induce a wide range of neuropathological features
resembling those in human CTE, including axonal pathology, tau,
APP, and TDP-43 pathologies, neuroinflammation, neuronal loss,
white matter degeneration and cerebellar pathology, as well as
clinically relevant functional deficits, including sensorimotor
coordination imbalance, urinary incontinence, and cognitive
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deficit. More importantly, these neuropathological features and
functional deficits are almost fully mitigated by elimination and
neutralization of cis P-tau by treatment with cis mAb after rmTBI.
These results have not only confirmed our early findings that cis
P-tau is a precursor of tau pathology and an early driver of
neurodegeneration*¥=>%, but also suggest that early induction of
cis P-tau is critical for the development of a range of other
pathological and functional outcome after severe or repetitive TBI
(Fig. 9). Interestingly, most of these CTE-like pathologies are also
found in human AD brains except at different brain regions and
AP deposition'® 2%, Previous studies have shown an increase in
AP deposition in ~50% of patients with CTE’> and after acute
TBI in humans’® though few murine TBI models have demon-
strated AP deposition after TBI, aside from transgenic mice’”. We
did not observe an increase in AP deposition, although AP
deposition was found in some human CTE brains and some
mouse TBI brains, especially 6 months after rmTBI in our studies.
Given that AP deposition is age-dependent and found normally in
many aged brains, the relative paucity of Af plaques in our
clinical and preclinical studies could reflect the relatively young
age of our subjects, <65 years old for the clinical studies and
<9 months for the mouse models.

Though AP deposition was not a pathologic feature of our TBI
models, axonal injury was consistent in both ssTBI and rmTBI
models, consistent with human TBI®°, and treatment with cis
mAb prevented the progression from traumatic axonal injury to
the chronic axonal pathology. Traumatic axonal injury has
emerged as one of the most common and important pathological
features of closed head injury®. It is recognized to cause dis-
ruption in axonal transport, followed by secondary disconnection
and finally Wallerian degeneration® 7% 7%, Although this process
was thought to be limited to the acute and sub-acute periods, it
has recently been implicated in the development of Alzheimer-
like gatholo ies both in the acute and chronic phrases after
TBI>> 7% 8 However, molecular mechanisms that mediate
traumatic axonal injury to axonal pathology remain elusive®>. We
have previously shown that ssTBI or rmTBI dose-dependently
induces cis P-tau notably in axons within hours after injury,
which disrupts the microtubule network and mitochondrial
transport in the axon*®. Importantly, cis mAb treatment not only
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eliminates axonal cis P-tau induction and restores axonal
pathologies, including defective microtubules, organelle transport
and long-term potentiation, but also prevents the development of
a range of short-term and long-term pathological and functlonal
outcomes after ssTBI or rmTBI, as shown here or previously*®.
Moreover, cis P-tau is robustly induced, notably in axons, toge-
ther with traumatic axonal injury hours after closed head injury
in humans and mouse models without other secondary pathol-
ogies. Others have shown that tau knockout inhibits axonal
pathology after rmTBI°2. Taken together, these results not only
further support a major role of traumatic axonal injury in TBI
pathologies, but also suggest that cis P-tau might mediate trau-
matic axonal injury to axonal pathology, thereby contributing to
the development of many other neuropathological and functional
outcomes after TBI (Fig. 9).

Taken together, our data suggest that cis p-tau is a possible
diagnostic and therapeutic target for immunotherapy. Prior stu-
dies have demonstrated that immunotherapg can effectively
remove toxic proteins in the brain®”> 2% 5% >4 with a recent
investigation showing the efficacy of peripheral administration of
the monoclonal antibody aducanumab in entering into the brain
and reducing beta amyloid plaques in clinical trials®*. Tauopathy,
which has previously been implicated in the chronic pathology of
TBI and other neurode§eneratlve diseases, may also be a target
for immunotherapy? though tau pathology was not pre-
viously identified at early time points after TBI. Here, we have
shown that cis p-tau appears early after TBI and that CSF cis P-
tau levels are tightly correlated with clinical outcome after injury.
These results are consistent with the previous findings that tau
phosphorylated on Thr231 in the CSF is an AD biomarker,
correlating with memory loss and predicting AD progression
from mild cognitive impairment®!. Moreover, we have demon-
strated that treating ssTBI or rmTBI mice with cis mAb is highly
effective in preventing short-term and long-term outcomes of TBI
in a range of clinically relevant histopathological and functional
outcomes. There results offer not only a novel disease mechanism
for TBI outcomes but also potential novel targeted therapy for
mitigating the short-term or long-term consequences of ssTBI
and rmTBI.

Methods

Human brain and CSF specimens. Discarded fixed human brain tissues from
different brain regions of individuals with acute TBI (Supplementary Table 1) were
provided by Dr Colin Smith at the Department of Academic Neuropathology,
University of Edinburgh, Little France, UK?2. Discarded CSF specimens from acute
TBI patients (Supplementary Table 2) were obtained from the tissue bank at
Boston Children’s Hospital by Rebekah Mannix, who collected human samples
originally from Dr. William Gormley at the Department of Neurosurgery, Brigham
and Women’s Hospital, Harvard Medical School, Boston, MA, and Dr David O.
Okonkwo at the Department of Neurosurgery, University of Pittsburgh Medical
Center, Pittsburgh, PA%2, Discarded fixed human brain tissues from different brain
regions of individuals with neuropathologically verified CTE (Supplementary
Table 3) were provided by Dr Julian Bailes at the Department of Neurosurgery,
NorthShore University Health System at University of Chicago Pritzker School of
Medicine®, and also by Dr Ann Mckee at the VA-BU-SLI Brain Bank of the
Boston University Alzheimer’s Disease Center CTE Program as described
previously” 4. Informed consent was obtained from all subjects by respective
institutes. Institutional review board approval for tissue donation and our studies
on discarded human samples was obtained through the Beth Israel Deaconess
Medical Center, the University of Edinburgh, Brigham, and Women’s Hospital, the
University of Pittsburgh and Boston Children’s Hospital.

Immunoblotting analysis and immunodepletion experlments Immunoblottmg
analysis and immunodepletion were carried out as described*® 4°. Briefly, brain
tissues or culture cells were lysed in RIPA buffer (50 mM Tris-HCI, pH 7.4,

150 mM NaCl, 2 mM EDTA, 1% NP 40, 0.1% SDS, 0.5% Na-deoxycholate, 50 mM
NaF) containing proteinase inhibitors and then mixed with SDS sample buffer and
loaded onto a gel after boiling. The proteins were resolved by polyacrylamide gel
electrophoresis and transferred to PVDF membrane. After blocking with 5% milk
in TBST (10 mM Tris-HCI pH 7.6, 150 mM NaCl, 0.1% Tween 20) for 1h, the
membrane was incubated with primary antibodies (cis and trans mAbs)*8, Tau5s
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(Biosource Camarillo, CA), tubulin (Sigma, St. Louis, MO), and actin antibodies
(Sigma, St Louis, MO) in 5% milk in TBST overnight at 4 °C. Then, the membranes
were incubated with HRP-conjugated secondary antibodies in 5% milk in TBST.
The signals were detected using chemiluminescence reagent (Perkin Elmer, San
Jose, CA). The membranes were washed four times with TBST after each step. To
deplete cis or trans p-tau from CSFs, samples were mixed with the cis or trans mAb
antibody at 425 pg/ml in a buffer containing proteinase inhibitors for 3 h at 4°C
and then mixed with protein A/G sepharose for 1 h at 4 °C. The supernatants were
collected and added to cell culture application. Immunoblotting results were
quantified using Quantity One from BioRad.

Immunostaining analysis. Immunostaining analysis was carried out as
described*® 4%, The primary antibodies used were cis mAb (clone #113) and trans
mAb (clone #25)%, tau tangle-related mAbs AT180, AT8, AT100 (all from
Innogenetics, Alpharetta, GA), oligomeric tau T22 polyclonal antibodies (EMD
Millipore, Billerica, MA), anti-tau rabbit mAb (E178, Abcam), anti-PHF-1
(ab109390, Abcam), Von Willerbrand factor-vWF (A0082, DAKO), anti-
neurofilament mouse mAb (SMI-312, IgG1, Abcam) for labeling axons, anti-MAP2
mADb (SMI-52, IgG1, Abcam) for labeling dendrites, CNPase monoclonal (11-5B)
antibody (Abcam) for labeling myelin, TDP-43 polyclonal antibody (proteintech),
Ibal polyclonal antibody (Wako) for microglia, GFAP polyclonal antibody (Bio-
Genex) for astrocytes, APP A4 monoclonal (66-81) antibody (Millipore), anti-Beta-
Amyloid (1-42) polyclonal Antibody (Millipore), anti-Beta-Amyloid (1-40)
polyclonal Antibody (Sigma-Aldrich) and anti-NeuN AF488-conjugated mono-
clonal antibody (Millipore) for labeling neurons. Immunofluorescence staining of
mouse and human brains was done essentially as described*! 42 4°, After treatment
with 0.3 % hydrogen peroxide, slides were briefly boiled in 10 mM sodium citrate,
pH 6.0, for antigen enhancement. The sections were incubated with primary
antibodies overnight at 4 °C. Then, biotin-conjugated secondary antibodies (Jack-
son ImmunoResearch), streptavidin-conjugated HRP (Invitrogen) were used to
enhance the signals. For double immunofluorescence staining, the sections were
incubated with Alexa Fluor 488 or 568 conjugated isotype-specific secondary
antibodies (Jackson ImmunoResearch, West Grove, PA) for 1 h at room tem-
perature. Manufacturer-supplied blocking buffer (Invitrogen) was used for each
reaction. The sections were washed four times with TBS after each step. Labeled
sections were visualized with a Zeiss confocal microscope. The gain of confocal
laser was set at the level where there are no fluorescence signals including auto-
fluorescence in sections without primary antibody but with secondary antibody.
Immunostaining images and their co-localization were quantified using Volocity
6.3 from Perkin Elmer and Fiji/Image] Coloc 2, respectively, as described*® 4°

Direct ELISA assay. Cis P-tau levels in CSFs were assayed using direct ELISA
assay. Human CSF samples were first coated onto ELISA plates. After blocking
with buffer containing 1% gelatin in Tris-buffered saline and 0.05% Tween 20, cis
P-tau was detected with the primary antibody cis P-tau mAb at 1:1000 dilution,
followed by incubation with biotin-conjugated anti-mouse IgG2b secondary anti-
body in 0.25-0.5% gelatin in Tris-buffered saline and 0.05% Tween 20 for 1 h and
then by streptavidin protein that is covalently conjugated to poly-horseradish
peroxidase (HRP) enzyme. The ELISA plates were extensively washed six times
with the same buffer after each step. The signals were detected by incubating with
TMB substrate solution and measured by Wallac 1420 software at 450 nm, as
described*® 4.

Gallyas silver staining. Sections (10 pm thick) of paraformaldehyde-fixed and
paraffin-embedded tissues were deparaffinized and then received Gallyas silver
stain (reagents from FD NeuroTechnologies), followed by wash in tab water for 5-
min and dehydration through a graded series of EtOH (70%, 90%, 100%), for 5-
min each, and then clear slides in two changes of xylene solutions. Sections were
then covered with mounting media and cover slipped. The Optical Density was
measured using with Fiji/Image] Coloc 2.

Thioflavin-S staining. After treatment with 0.3% hydrogen peroxide for 30-min,
slides were incubated in 1% thioflavin-S (Sigma-Aldrich, St. Louis, MO, USA) for
15-min at room temperature followed by dehydration through an ethanol series
(70%, 90%, and 100%) for 5-min each and two 5-min washes in dH,O. Sections
were then covered with mounting media and cover slipped.

Luxol-fast blue staining. After hydration with 95% alcohol for 5-min, slides were
incubated in Luxol-fast blue solution (FD NeuroTechnologies) for overnight at 60 °
C followed by washed lithium carbonate solution for 5-min at room temperature
and two 10-min washes in 70% ethanol. Sections were then rinsed with dH,O and
covered with mounting media and cover slipped. The Optical Density was mea-
sured using with Fiji/Image] Coloc 2.

Cell culture. Neuronal cell lines including SH-SY5Y cells were cultured in Dul-

becco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum. The
media were supplemented with 100 Units/ml penicillin/steptomycin. Cell viabilities
were examined using Live and Dead cell assay kit (Abcam). After staining cells with
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the Live and Dead Dye diluted to 5X concentration in PBS, cells were incubated for
10-min at room temperature in the dark. Imnmunostaining images were then
quantified using Fiji/Image] Coloc 2.

Traumatic brain injury. Male C57BL/6 mice (2-3 months old) obtained from the
Jackson Laboratories (Bar Harbor, ME) were randomized to undergo injury or
sham-injury. The mice were anesthetized for 45 s using 4% isoflurane in a 70:30
mixture of air:oxygen. Anesthetized mice were placed on a delicate task wiper
(Kimwipe, Kimberly-Clark, Irving, TX) and positioned such that the head was
placed directly under a hollow guide tube. Mouse’s tail was grasped. A 54-gram
metal bolt was used to deliver an impact to the dorsal aspect of the skull, resulting
in a rotational acceleration of the head through the Kimwipe. Mice underwent
single severe injury (ssTBI, 60-inch height) or repetitive mild injuries (rmTBI,
seven injuries in 9 days)®® 48 5% 84 Sham-injured mice underwent anesthesia but
not concussive injury. All mice were recovered in room air. Anesthesia exposure
for each mouse was strictly controlled to 45 s. Briefly, anesthetized young adult
wild-type C57BL/6 male mice were exposed to a severe or mild hit or sham hit,
removed from the apparatus, monitored until recovery of gross locomotor func-
tion, and then transferred to their home cage. Maximum burst pressure compatible
with 100% survival and no gross motor abnormalities were ascertained empirically.
All these and following animal experiments were approved by the Boston Chil-
dren’s Hospital, Beth Israel Deaconess Medical Center and/or Boston University
and JACUC and complied with the NIH Guide for the Care and Use of Laboratory
Animals.

Antibody treatment of mice. C57BL/6 male mice (2-3 months old) undergoing
TBI were randomized to treatment with cis p-tau monoclonal mouse antibody
(clone #113) or mouse IgG2b in a double-blind manner, as described*® with the
following modifications. For ssTBI, mice received 3 or 4 doses of cis antibody or
IgG2b intraperitoneal treatment (200 pg) after injury over 10 days, as described in
the text, followed by analysis at 2 weeks after injury or by further treatment 200 ug
i.p. weekly for another 1.5 month and biweekly for another 2 months (with total
4 months of treatment) before analyses at 6 months, as described*!> 42 48, 49 For
rmTBI, mice received intraperitoneal treatments (200 ug) on days 1, 7, 14, and 21,
followed by twice a month for 3 months (with total 4 months of treatment) before
analyses at 6 months, as described*!> 424849 For all behavioral tests, experimenters
were blinded to injury and treatment status, using color-coding stored in a
password-protected computer.

Spontaneous voiding assay. Group housed animals (4-6 per cage) were placed in
a clean, empty cage lined with precut 3 MM acid-hardened filter paper (Waltham,
MA) with one animal per cage. Voiding assays were conducted over 4 h per day for
three consecutive days during which time mice had access to food but not water, as
previously described®”. Filter papers were imaged using UV light and analyzed
using Image J Software using the threshold technique in double-blind manner.
Image ] particle analysis was performed on spots greater than 6 mm? (corre-
sponding to 0.6 pl urine), reducing non-specific marks potentially deposited by
paws and tails that pass through urine spots.

Ledge assay. In the ledge test, mice were placed on the elevated cage’s ledge at a
height of 35 cm and 0.8 cm wide, and monitored their movement. Each mouse was
tested three times (each test takes 20's) and scored from 0 to 3 depending on the
severity of deficits in a double-blind manner. Scoring is as follows: if the mouse
walked along the ledge, without foot faults (i.e., loosing footing) and back into the
cage delicately, score of 0; if the mouse demonstrated any foot fault while walking
on the ledge, score of 1; if the mouse did not effectively walk on or dismounted the
ledge immediately, score of 2; if the mouse fell off the ledge or avoided walking,
score of 3.

String suspension assay. The mouse was permitted to grasp a string only by its
forepaws suspended 35 cm above the surface and were then released. Each mouse
was tested three times (each test takes 20s) and scored from 0 to 3 depending on
the severity of deficits in double-blind manner. If the mouse was unable to remain
on string, score was 3; if it hung by both forepaws and attempted to climb onto the
string, score was 2; if both forepaws and one or both hindpaws were around string,
score was 1; if four paws and tail were around string, with lateral movement; score
was 0.

Accelerating rotarod test. The mice were placed in the rotating cylinder 4 times
per day for two consecutive days totally. Each trial last a maximum of 10 min,
during which time the rotating rod accelerated from 4 to 40 r.p.m. over first 5 min
of the trial and then remained at the maximum speed for the remaining 5 min.
Animal were rested at least 10 min between trials to avoid fatigue and exhaustion.

Dim-light open field test. Mice were placed in the center of a brightly lit (30-50
lux) chamber of the open field apparatus (40 cm diameter). Movements of the
animals were tracked by an automatic monitoring system (Noldus Ethovision XT)
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for 20 min. Horizontal motor (distance traveled) and central activity (distance
traveled in center/total distance traveled) were evaluated.

Morris water maze. A Morris water maze (MWM) paradigm was used to evaluate
spatial learning and memory. The apparatus consisted of a white pool (83 cm
diameter, 60 cm deep) with water filled to 29 cm depth, at ~24 °C. Intra-maze and
extra-maze cues were included. The target (a round, clear, plastic platform 10 cm in
diameter) was placed 1 cm below the surface of the water. During hidden and
visible platform trials, mice were randomized to one of four starting quadrants.
Mice were placed in the tank facing the wall and allocated 80 s to find the platform,
mount the platform, and remain on it for 5s. Mice were then dried under a heat
lamp before their next run. The time until the mouse mounted the platform (escape
latency) was recorded. Mice that did not mount the platform in the allocated 80 s
were guided to the platform by the experimenter and allowed 10's to become
acquainted with its location. A maximum of two trials per mouse were carried out
per day, each trial consisting of four runs, with a 45-minute break between trials
(acquisition). For visible platform trials (vision), a red reflector was used to mark
the top of the target platform. For probe trials, mice were placed in the tank with
the platform removed and given 60 s to explore the tank. Noldus Ethovision

9 software tracked swim speed, total distance moved, and time spent in the target
quadrant where the platform was previously located.

Novel location recognition test. The Novel object recognition test consisted of an
open field-box (44 x 44 cm). The habituation period was 5 min daily of free
exploration in the arena containing two different objects (15 mm diameter) over
3 days. On test day, the animals were allowed to explore three identical objects
(with same color Lego sets) placed into the area in fixed location for 6 min and the
time spent inspecting the individual objects was recorded (Noldus Ethovision XT).
Without any time-interval the animals were replaced into the box where one object
was placed into a new location the mice were allowed to explore them for an
additional 3 min. The floor was covered with sawdust (1 cm deep, used and
saturated with the odor of the animals) during habituation and test trials. The
discrimination ratio for the novel location of the object in was analyzed as pre-
viously described®® 66,

Data acquisition and statistical analysis. We estimated the sample size con-
sidering the variation and mean of the samples. All surviving animals or samples
were included in the analyses except a few mice died immediately after brain injury.
Animals were randomly assigned groups for in vivo studies and for mAb treatment
experiments, group allocation and outcome assessment were also done in a double-
blinded manner. For all behavioral and histopathological tests, experimenters were
blinded to injury and treatment status, using color-coding stored in a password-
protected computer. Data acquisition and analysis obtained in an unbiased fashion.
All data are presented as the means +s.d. or s.e.m, followed by determining sig-
nificant differences using the two-tailed Student’s t-test for quantitative variables or
ANOVA test for continuous or three or more independent variables or one-way
ANOVA with Bonferroni posthoc test, and significant p-values < 0.05 are shown.
In addition, to evaluate for a global effect across behavior tests and TBI treatment
groups, we subjected behavioral performance measures to a factor analysis’%.
Factor analysis is a statistical method intended to explain the relationships among
several difficult to interpret, correlated variables in terms of a few conceptually
meaningful, relatively independent factors and is frequently employed in clinical
neuropsychiatric studies. The factors are not measured directly but are inferred
from the variables that represent the factor’%. We determined the number of factors
to be retained based on their eigenvalues and by the change in slope of the scree
plot. We used a conventional factor loading cutoff of 0.3 to determine variable
retention. Variables that did not load on any of the rotated factors were removed
and the factor analysis was repeated to produce the final factor solution, which
included many histopathological outcomes and/or three functional outcomes
(Supplementary Table 2). We then calculated factor scores for each retained factor.
Finally, we developed a regression model with the factor score as the dependent
variable the treatment group as the predictor, to obtain an overall p-value for the
effect of treatment on the behavioral performance measure.

Data availability. All data generated or analyzed during this study are included in
this published article (and its Supplementary Information) or from the corre-
sponding author upon reasonable request.

Received: 27 December 2016 Accepted: 16 August 2017
Published online: 17 October 2017

References

1. Faul, M, Xu, L., Wald, M. M. & Coronado, V. G. Traumatic brain injury in the
United States: emergency department visits, hospitalizations, and deaths,
2002-2006. Centers for Disease Control and Prevention [online], http://www.
cdc.gov/traumaticbraininjury/tbi_ed.html (2010).

| DOI: 10.1038/541467-017-01068-4 | www.nature.com/naturecommunications 15


http://www.cdc.gov/traumaticbraininjury/tbi_ed.html
http://www.cdc.gov/traumaticbraininjury/tbi_ed.html
www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

10.

1

—

12.

13.

14.

15

16.

17.

18.

19.

20.

2

—

22.

23.

24.

25.

26.

27.

2

sl

2

o

3

(=1

3

—

32.

33.

Langlois, J. A., Rutland-Brown, W. & Wald, M. M. The epidemiology and
impact of traumatic brain injury: a brief overview. . Head. Trauma. Rehabil.
21, 375-378 (2006).

Center for Disease Control. Nonfatal traumatic brain injuries from sports and
recreation activities --- United States, 2001--2005. MMWR 56, 733-737 (2007).
Weinberger, S. Bombs’ hidden impact: the brain war. Nature 477, 390-393
(2011).

Miller, G. The invisible wounds of war. Healing the brain, healing the mind.
Science 333, 514-517 (2011).

Marin, J. R,, Weaver, M. D., Yealy, D. M. & Mannix, R. C. Trends in visits for
traumatic brain injury to emergency departments in the United States. JAMA
311, 1917-1919 (2014).

McKee, A. C. et al. The spectrum of disease in chronic traumatic
encephalopathy. Brain 136, 43-64 (2013).

Smith, D. H., Johnson, V. E. & Stewart, W. Chronic neuropathologies of single
and repetitive TBIL: substrates of dementia? Nat. Rev. Neurol. 9, 211-221 (2013).
DeKosky, S. T., Blennow, K., Ikonomovic, M. D. & Gandy, S. Acute and chronic
traumatic encephalopathies: pathogenesis and biomarkers. Nat. Rev. Neurol. 9,
192-200 (2013).

Blennow, K., Hardy, J. & Zetterberg, H. The neuropathology and neurobiology
of traumatic brain injury. Neuron 76, 886-899 (2012).

. Gardner, R. C. et al. Dementia risk after traumatic brain injury vs nonbrain

trauma: the role of age and severity. JAMA Neurol. 71, 1490-1497 (2014).
Nordstrom, P., Michaelsson, K., Gustafson, Y. & Nordstrom, A. Traumatic
brain injury and young onset dementia: a nationwide cohort study. Ann.
Neurol. 75, 374-381 (2014).

Guo, Z. et al. Head injury and the risk of AD in the MIRAGE study. Neurol 54,
1316-1323 (2000).

Mortimer, J. A. et al. Head trauma as a risk factor for Alzheimer’s disease: a
collaborative re-analysis of case-control studies. EURODEM Risk Factors
Research Group. Int. J. Epidemiol. 20, S28-S35 (1991).

. Gardner, R. C. et al. Traumatic brain injury in later life increases risk for

Parkinson disease. Ann. Neurol. 77, 987-995 (2015).

Mannix, R., Meehan, W. P. 3rd & Pascual-Leone, A. Sports-related
concussions-media, science and policy. Nat. Rev. Neurol. 12, 486-490 (2016).
Kochanek, P. M. et al. Emerging therapies in traumatic brain injury. Semin.
Neurol. 35, 83-100 (2015).

Lu, J. et al. Randomized controlled trials in adult traumatic brain injury: a
review of compliance to CONSORT statement. Arch. Phys. Med. Rehabil. 96,
702-714 (2015).

Wang, Y. & Mandelkow, E. Tau in physiology and pathology. Nat. Rev.
Neurosci. 17, 22-35 (2016).

Igbal, K., Liu, F. & Gong, C. X. Tau and neurodegenerative disease: the story so
far. Nat. Rev. Neurol. 12, 15-27 (2016).

. Goldstein, L. E. et al. Chronic traumatic encephalopathy in blast-exposed

military veterans and a blast neurotrauma mouse model. Sci. Transl. Med. 4,
134ral60 (2012).

Zare-Shahabadi, A., Masliah, E., Johnson, G. V. & Rezaei, N. Autophagy in
Alzheimer’s disease. Rev. Neurosci. 26, 385-395 (2015).

Schmidt, M. L., Zhukareva, V., Newell, K. L., Lee, V. M. & Trojanowski, J. Q.
Tau isoform profile and phosphorylation state in dementia pugilistica
recapitulate Alzheimer’s disease. Acta Neuropathol. 101, 518-524 (2001).
Frost, B. & Diamond, M. I. Prion-like mechanisms in neurodegenerative
diseases. Nat. Rev. Neurosci. 11, 155-159 (2010).

Clavaguera, F., Hench, J., Goedert, M. & Tolnay, M. Invited review: prion-like
transmission and spreading of tau pathology. Neuropathol. Appl. Neurobiol. 41,
47-58 (2015).

Rosenmann, H. et al. Tauopathy-like abnormalities and neurologic deficits in
mice immunized with neuronal tau protein. Arch. Neurol. 63, 1459-1467
(2006).

Rosenmann, H. Immunotherapy for targeting tau pathology in Alzheimer’s
disease and tauopathies. Curr. Alzheimer Res. 10, 217-228 (2013).

. Pedersen, J. T. & Sigurdsson, E. M. Tau immunotherapy for Alzheimer’s

disease. Trends Mol. Med. 21, 394-402 (2015).

. Corsellis, J. A. & Brierley, J. B. Observations on the pathology of insidious

dementia following head injury. J. Ment. Sci. 105, 714-720 (1959).

. Rudelli, R., Strom, J. O., Welch, P. T. & Ambler, M. W. Posttraumatic

premature Alzheimer’s disease. Neuropathologic findings and pathogenetic
considerations. Arch. Neurol. 39, 570-575 (1982).

. Johnson, V. E., Stewart, W. & Smith, D. H. Widespread tau and amyloid-beta

pathology many years after a single traumatic brain injury in humans. Brain
Pathol. 22, 142-149 (2012).

Smith, C., Graham, D. I, Murray, L. S. & Nicoll, J. A. Tau
immunohistochemistry in acute brain injury. Neuropathol. Appl. Neurobiol. 29,
496-502 (2003).

Hawkins, B. E. et al. Rapid accumulation of endogenous tau oligomers in a rat
model of traumatic brain injury: possible link between traumatic brain injury
and sporadic tauopathies. J. Biol. Chem. 288, 17042-17050 (2013).

34.

35.

36.

37.

38.

39.

40.

41.

42.

4

w

44,

45.

46.

47.

48.

49.

50.

5

—

5

[}

53.

54.

55.

56.

57.

58.

59.

60.

6

—

62.

6

W

64.

65.

|8:1000

Tan, X. L. et al. Sodium selenate, a protein phosphatase 2A activator, mitigates
hyperphosphorylated tau and improves repeated mild traumatic brain injury
outcomes. Neuropharmacology 108, 382-393 (2016).

Kane, M. J. et al. A mouse model of human repetitive mild traumatic brain
injury. J. Neurosci. Methods 203, 41-49 (2012).

McAteer, K. M., Corrigan, F., Thornton, E., Turner, R. J. & Vink, R. Short and
long term behavioral and pathological changes in a novel rodent model of
repetitive mild traumatic brain injury. PLoS ONE 11, e0160220 (2016).
Mouzon, B. et al. Repetitive mild traumatic brain injury in a mouse model
produces learning and memory deficits accompanied by histological changes. J.
Neurotrauma 29, 2761-2773 (2012).

Mannix, R. et al. Clinical correlates in an experimental model of repetitive mild
brain injury. Ann. Neurol. 74, 65-75 (2013).

Lu, K. P,, Hanes, S. D. & Hunter, T. A human peptidyl-prolyl isomerase
essential for regulation of mitosis. Nature 380, 544-547 (1996).

Lu, P. ], Wulf, G,, Zhou, X. Z,, Davies, P. & Lu, K. P. The prolyl isomerase Pinl
restores the function of Alzheimer-associated phosphorylated tau protein.
Nature 399, 784-788 (1999).

Liou, Y.-C. et al. Role of the prolyl isomerase Pinl in protecting against age-
dependent neurodegeneration. Nature 424, 556-561 (2003).

Lim, J. et al. Pinl has opposite effects on wild-type and P301L tau stability and
tauopathy. J. Clin. Invest. 118, 1877-1889 (2008).

. Pastorino, L. et al. The prolyl isomerase Pinl regulates amyloid precursor

protein processing and amyloid-beta production. Nature 440, 528-534 (2006).
Lu, K. P. & Zhou, X. Z. The prolyl isomerase PIN1: a pivotal new twist in
phosphorylation signalling and human disease. Nat. Rev. Mol. Cell Biol. 8,
904-916 (2007).

Lee, T. H. et al. Death associated protein kinase 1 phosphorylates Pinl and
inhibits its prolyl isomerase activity and cellular function. Mol. Cell 22, 147-159
(2011).

Sultana, R. et al. Oxidative modification and down-regulation of Pinl in
Alzheimer’s disease hippocampus: a redox proteomics analysis. Neurobiol.
Aging 27, 918-925 (2006).

Chen, C. H. et al. Pinl cysteine-113 oxidation inhibits its catalytic activity and
cellular function in Alzheimer’s disease. Neurobiol. Dis. 76, 13-23 (2015).
Kondo, A. et al. Antibody against early driver of neurodegeneration cis P-tau
blocks brain injury and tauopathy. Nature 523, 431-436 (2015).

Nakamura, K. et al. Proline isomer-specific antibodies reveal the early
pathogenic tau conformation in Alzheimer’s disease. Cell 149, 232-244 (2012).
Lu, K. P. et al. Potential of the antibody against cis-phosphorylated tau in early
diagnosis, treatment and prevention of Alzheimer’s disease and brain injury.
JAMA Neurol. 73, 1356-1362 (2016).

. McEwan, W. A. et al. Cytosolic Fc receptor TRIM21 inhibits seeded tau

aggregation. Proc. Natl Acad. Sci. USA 114, 574-579 (2017).

. Cheng, J. S. et al. Tau reduction diminishes spatial learning and memory

deficits after mild repetitive traumatic brain injury in mice. PLoS ONE 9,
115765 (2014).

Brody, D. L. & Holtzman, D. M. Active and passive immunotherapy for
neurodegenerative disorders. Annu. Rev. Neurosci. 31, 175-193 (2008).
Sevigny, J. et al. The antibody aducanumab reduces Abeta plaques in
Alzheimer’s disease. Nature 537, 50-56 (2016).

Johnson, V. E., Stewart, W. & Smith, D. H. Axonal pathology in traumatic brain
injury. Exp. Neurol. 246, 35-43 (2013).

Kallakuri, S., Purkait, H. S., Dalavayi, S., VandeVord, P. & Cavanaugh, J. M.
Blast overpressure induced axonal injury changes in rat brainstem and spinal
cord. J. Neurosci. Rural Pract. 6, 481-487 (2015).

Yin, T. C. et al. P7C3 neuroprotective chemicals block axonal degeneration and
preserve function after traumatic brain injury. Cell Rep. 8, 1731-1740 (2014).
Karve, I. P., Taylor, J. M. & Crack, P. J. The contribution of astrocytes and
microglia to traumatic brain injury. Br J Pharmacol. 173, 692-702 (2015).
Meehan, W. P. 3rd, Zhang, J., Mannix, R. & Whalen, M. J. Increasing recovery
time between injuries improves cognitive outcome after repetitive mild
concussive brain injuries in mice. Neurosurgery 71, 885-891 (2012).

Flierl, M. A. et al. Mouse closed head injury model induced by a weight-drop
device. Nat. Protoc. 4, 1328-1337 (2009).

. Stahel, P. F. et al. Experimental closed head injury: analysis of neurological

outcome, blood-brain barrier dysfunction, intracranial neutrophil infiltration,
and neuronal cell death in mice deficient in genes for pro-inflammatory
cytokines. J. Cereb. Blood Flow Metab. 20, 369-380 (2000).

Chen, Y., Constantini, S., Trembovler, V., Weinstock, M. & Shohami, E. An
experimental model of closed head injury in mice: pathophysiology,
histopathology, and cognitive deficits. J. Neurotrauma 13, 557-568 (1996).

. Rangroo Thrane, V. et al. Ammonia triggers neuronal disinhibition and seizures

by impairing astrocyte potassium buffering. Nat. Med. 19, 1643-1648 (2013).

Deacon, R. M. Measuring motor coordination in mice. J. Vis. Exp. 75, €2609

(2013).

Albayram, O. et al. Role of CB1 cannabinoid receptors on GABAergic neurons
in brain aging. Proc. Natl Acad. Sci. USA 108, 11256-11261 (2011).

| DOI: 10.1038/541467-017-01068-4 | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

66.

67.

68.

69.

70.

7

—

72.

73.

74.

75.

76.

77.

78.

79.

80.

8

—_

82.

83.

84.

Albayram, O., Passlick, S., Bilkei-Gorzo, A., Zimmer, A. & Steinhauser, C.
Physiological impact of CB1 receptor expression by hippocampal GABAergic
interneurons. Pflugers. Arch. 468, 727-737 (2016).

Yu, W. et al. Spontaneous voiding by mice reveals strain-specific lower urinary
tract function to be a quantitative genetic trait. Am. J. Physiol. Renal Physiol.
306, F1296-F1307 (2014).

Kuhtz-Buschbeck, J. P. et al. Sensorimotor recovery in children after traumatic
brain injury: analyses of gait, gross motor, and fine motor skills. Dev. Med.
Child Neurol. 45, 821-828 (2003).

Haaland, K. Y., Temkin, N., Randahl, G. & Dikmen, S. Recovery of simple
motor skills after head injury. J. Clin. Exp. Neuropsychol. 16, 448-456 (1994).
Walker, W. C. & Pickett, T. C. Motor impairment after severe traumatic brain
injury: a longitudinal multicenter study. J. Rehabil. Res. Dev. 44, 975-982
(2007).

. Giannantoni, A. et al. Urologic dysfunction and neurologic outcome in coma

survivors after severe traumatic brain injury in the postacute and chronic phase.
Arch. Phys. Med. Rehabil. 92, 1134-1138 (2011).

Keller, J. J., Liu, S. P. & Lin, H. C. Traumatic brain injury increases the risk of
female urinary incontinence. Neurourol. Urodyn. 32, 354-358 (2013).

Pallant, J. SPSS Survival Manual (Open University Press, 2007).

Kleinbaum, D., Kupper, L. & Muller, K. Variable reduction and factor analysis.
in Applied Regression Analysis and Other Multivariable Methods. Nelson
Education (eds. Kleinbaum, D., Kupper, L. & Muller, K.) 595-640 (1988).
Stein, T. D. et al. Beta-amyloid deposition in chronic traumatic encephalopathy.
Acta Neuropathol. 130, 21-34 (2015).

Roberts, G. W., Gentleman, S. M., Lynch, A. & Graham, D. I. beta A4 amyloid
protein deposition in brain after head trauma. Lancet 338, 1422-1423 (1991).
Pierce, J. E., Trojanowski, J. Q., Graham, D. I., Smith, D. H. & McIntosh, T. K.
Immunohistochemical characterization of alterations in the distribution of
amyloid precursor proteins and beta-amyloid peptide after experimental brain
injury in the rat. J. Neurosci. 16, 1083-1090 (1996).

Adams, J. H., Graham, D. L, Murray, L. S. & Scott, G. Diffuse axonal injury due
to nonmissile head injury in humans: an analysis of 45 cases. Ann. Neurol. 12,
557-563 (1982).

Smith, D. H., Meaney, D. F. & Shull, W. H. Diffuse axonal injury in head
trauma. J. Head. Trauma Rehabil. 18, 307-316 (2003).

Tran, H. T., LaFerla, F. M., Holtzman, D. M. & Brody, D. L. Controlled cortical
impact traumatic brain injury in 3xTg-AD mice causes acute intra-axonal
amyloid-beta accumulation and independently accelerates the development of
tau abnormalities. J. Neurosci. 31, 9513-9525 (2011).

. Hampel, H. et al. Total and phosphorylated tau protein as biological markers of

Alzheimer’s disease. Exp. Gerontol. 45, 30-40 (2010).

Nwachuku, E. L. et al. Time course of cerebrospinal fluid inflammatory
biomarkers and relationship to 6-month neurologic outcome in adult severe
traumatic brain injury. Clin. Neurol. Neurosurg. 149, 1-5 (2016).

Omalu, B. et al. Emerging histomorphologic phenotypes of chronic traumatic
encephalopathy in American athletes. Neurosurgery 69, 173-183 (2011).
discussion 183.

Khuman, J. et al. Tumor necrosis factor alpha and Fas receptor contribute to
cognitive deficits independent of cell death after concussive traumatic brain
injury in mice. J. Cereb. Blood Flow Metab. 31, 778-789 (2011).

|8:1000

| DOI: 10.1038/541467-017-01068-4 | www.nature.com/naturecommunications

Acknowledgements

We thank Dr Michael Whalen for his expert advice and comments on the manuscript.
O.A. is an Alzheimer’s Association Research Fellow. The work is supported by grants
from NIH (T32 HD40128-11A1) to R.M., NIH (R01AG029385, R0O1AG046319,
RO1CA167677) Alzheimer’s Association (DVT-14-322623), Alzheimer’s Association,
Alzheimer’s Research UK and Weston Brain Institute (MCDN-15-368711), Thome
Memorial Foundation in Alzheimer’s Disease Drug Discovery Research to K.P.L, by
NFLPA pilot grants to K.P.L., X.Z.Z, and RM., and BIDMC pilot grant and gift dona-
tions from the Owens Family Foundation to X.Z.Z. and K.P.L.

Author contributions

O.A., AK, and RM. designed the studies, performed the experiments, and wrote the
manuscript; C.S., C.-Y.T., C.L., M.H,, and J.Q. helped with TBI experiments and edited
the manuscript; C.S., LA.D,, S.Y.,, W.G., AM.P,, D.O.O., BL.-W.,, and J.B. provided
human specimens and edited the manuscript; M.M., W.M., and M.Z. provided advice
and technical assistance; X.Z.Z. originally discovered the procedures for generating cis
and trans antibodies; and K.P.L. and X.Z.Z. conceived and supervised the project,
designed the studies, and wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at doi:10.1038/541467-017-01068-4.

Competing interests: Dr Lu and Dr Zhou are inventors of Pinl technology including
patents and patent application on tau antibodies, which was licensed by BIDMC to
Pinteon Therapeutics. Both Dr Lu and Dr Zhou own equity in, and consult for, Pinteon.
Their interests were reviewed and are managed by BIDMC in accordance with its conflict
of interest policy. The remaining authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons

= Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2017

17


http://dx.doi.org/10.1038/s41467-017-01068-4
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Cis P-tau is induced in clinical and preclinical brain injury and contributes to post-injury sequelae
	Results
	Axonal injury and cis P-tau induction in clinical severe TBI
	CSF cis P-tau correlates well with outcome in TBI patients
	Cis P-tau found in deeper brain regions in CTE patients
	Cis mAb improves acute phase outcomes after ssTBI
	Cis mAb improves chronic phase outcomes after ssTBI
	Delayed cis mAb administration improves outcomes after ssTBI
	Cis mAb prevents CTE pathology and dysfunction after rmTBI
	Efficacy of cis mAb in improving outcomes across studies

	Discussion
	Methods
	Human brain and CSF specimens
	Immunoblotting analysis and immunodepletion experiments
	Immunostaining analysis
	Direct ELISA assay
	Gallyas silver staining
	Thioflavin-S staining
	Luxol-fast blue staining
	Cell culture
	Traumatic brain injury
	Antibody treatment of mice
	Spontaneous voiding assay
	Ledge assay
	String suspension assay
	Accelerating rotarod test
	Dim-light open field test
	Morris water maze
	Novel location recognition test
	Data acquisition and statistical analysis
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




