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Abstract

Tau is a microtubule protein that is known to be hyperphosphorylated and to aggregate in several chronic neurodegenerative
disorders. In many cases, in particular in Alzheimer’s disease, the degree of tau pathology has been demonstrated to correlate
with cognitive deficits and/or decline. In Huntington’s disease (HD), a dominantly inherited neurodegenerative disorder, both
cognitive impairments and abnormal tau expression have been reported to occur, along with the accumulation of the mutant
huntingtin protein. In this respect, tau has been shown to be present in the cerebrospinal fluid of individuals with HD and to
increase with disease progression. However, how this relates to changes in tau found in the periphery is largely unknown.
In this study, we collected blood samples from patients with HD and isolated multiple blood components including plasma,
platelets, and peripheral blood mononuclear cells to measure their tau levels and subsequently correlate these to cognitive
impairments and disease stage. Our results suggest that the amount of tau, particularly N-terminal tau (NTA-tau) and total
tau (t-tau), is elevated in all assayed blood components and that the quantity of tau within platelets, specifically, is strongly

correlated with disease severity.
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Introduction

Tau is a microtubule-associated protein predominantly
expressed in neurons within the central nervous system
(CNS) and which frequently accumulates in chronic neu-
rodegenerative diseases [1]. Under physiological condi-
tions, the microtubule-binding and stabilizing functions
of tau are tightly regulated by posttranslational modifi-
cations. However, in pathological states, tau becomes
abnormally phosphorylated and truncated, detaching from
microtubules (MTs) and forming intracellular aggregates.
Ultimately, the collapse of the MTs and the subsequent
disruption of axonal transport result in the loss of cel-
lular integrity and neuronal dysfunction [1]. While such
processes are commonly associated with Alzheimer’s dis-
ease (AD), there is a large family of disorders, collectively
known as tauopathies, in which tau pathology has been
described to be an important contributor to disease [1]. In
addition, fluid biomarker measurements of tau phospho-
rylation are an important predictor of clinical severity in
AD, even before disease onset. In fact, phosphorylated-
tau (p-tau) levels in the plasma are one of the strongest
predictive factors of clinical progression to cognitive
impairment in the elderly across a 5 year span [2]. Fur-
thermore, t-tau in cerebrospinal fluid (CSF) is associated
with cognitive deficits/decline in neurodegenerative dis-
orders other than AD such as Parkinson’s disease (PD) [3]
and Creutzfeldt—Jakob disease [4], suggesting that it may
be a useful biomarker in a range of disorders, including
Huntington’s disease (HD).

HD is a dominantly inherited neurodegenerative disorder
resulting from a CAG repeat expansion exceeding 36 in exon
1 of the Huntingtin gene (HTT). This mutation leads to the
production of a protein with an abnormally expanded poly-
glutamine tract in the N-terminus which is particularly prone
to misfolding. The detrimental effects of the mutant hunting-
tin protein (mHTT) are well known, but it is not the only
misfolded protein thought to contribute to disease. Numer-
ous studies have reported that tau accumulates within highly
affected brain regions, such as the striatum and the cortex
[5-11], and that tau pathology progresses with increasing
disease severity [12—15]. In addition to being present in HD,
reduction of tau levels, either through genetic interventions
or pharmacological means, have been shown to improve
features of disease in two different mouse models, suggest-
ing a role for tau in HD pathology [16, 17]. These results
are consistent with clinical studies showing the presence
of elevated CSF t-tau levels in patients [15] as well as a
relationship between tau levels and cognitive decline and/
or brain atrophy in HD [12-14].

While CSF t-tau levels are commonly used as a bio-
marker in different diseases, recent technological advances
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have resulted in novel ultra-sensitive immunoassays capa-
ble of measuring tau biomarkers in blood [18-22]. In
plasma, p-tau 181 and p-tau 231 have demonstrated to be
highly specific AD biomarkers associated with amyloid
pathology and cognitive decline [18, 23-25]. Additionally,
t-tau biomarkers, such as plasma N-terminal tau (NTA-
tau), have been shown to increase in AD, showing tight
correlations with tau pathology, neurodegeneration, and
cognitive decline [21, 26]. While plasma is the most com-
mon component of the blood in which tau is evaluated,
studies have shown that tau is also present and detectable
within blood elements, such as peripheral blood mono-
nuclear cells (PBMC) and platelets [27-30]. In fact, the
levels of high-molecular-weight species of tau in platelets
have been suggested to have diagnostic sensitivity and
specificity of approximately 70% in AD patients, further
supporting the utility of peripheral tau as a biomarker for
CNS disorders [27].

Very few studies have evaluated peripheral tau in HD,
and those that have been performed were conducted in small
cohorts or in mice [6, 31]. To determine if peripheral tau
may be a useful biomarker of cognitive dysfunction in HD,
we collected blood samples and clinical data from HD gene
carriers and age-/gender-matched healthy controls (CTRL)
at three locations in Canada and in the UK. We herein report
on the measurements of tau in multiple blood components
and their relationships with various clinical features.

Materials and methods
Experimental cohorts

Research ethical board (REB) approval was obtained from
local ethics boards at all collection sites (CHU de Québec,
#A13-2-1096; CHU de Montréal, #2015-5705; Cambridge
Ethics Committee, REC #03/303 and #08/H0306/26; Cam-
bridge University Hospitals Foundation Trust Research and
Development Department, R&D #A085170 and #A091246)
and all participants provided informed written consent. All
subjects also completed a questionnaire about health issues
and medication on the day blood was collected. Both HD
patients and CTRL were recruited from HD clinics in Que-
bec City, Montreal and Cambridge. In total, plasma samples
were collected from 64 gene carriers and 61 age-matched
CTRL (Table 1); however, only a subset of patient samples
had sufficiently concentrated PBMC (n =52 HD gene car-
riers, n =45 CTRL) or platelets (n =33 HD gene carriers,
n=29 CTRL) available (Table 1). The HD group included
premanifest gene carriers (plasma n =16, PBMC n =9, plate-
lets n=10) and manifest patients (plasma n =48, PBMC
n =43, platelets n =23) according to clinical evaluations
[5, 40]. Of the manifest patients, a subset was at a more
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Table 1 Participant clinical information

n 61 64 45 52 29 37

Age (IQR) 54.2+15.4 (26)| 53.8+13.9 (17.75) ~ 0.8837 | 56.3:16.83 (32) | 53.3+14.3 (20.5) 0.3403 | 57.3:15.8 56.2+12.6 (19)  0.7546
Sex 57% F43%M | 459 F 55% M 0.2076 | 58% F 47% M 44% F 56% M 0.4189 | 55% F 45% M 42% F 58% M 0.2993
Disease severity

CAG (n, IQR) 92916 (4,9.25) | 42:2 (45,2) <0.0001 22:6 (4) 43+3 (42,4) <0.0001 NA 42:1 (22,1.75)) NA
DBS (n, IQR) NA 834+111 (45,1600  NA NA 846+197 (42,182.5)  NA NA 343:87 (22,128.25)  NA
UHDRS (n, IQR) 2:2(7,2.5) | 81:22(51,84)  <0.0001 0+0 (8,0) 29+21 (18,35.8) 00579 | 2:2(153) | 927.7+92(35,98.5) <0.0001
MMSE (n, IQR) 29:1 (11,1.5) | 25:4(32,3.5  <0.0001 | 13:0 (13,0) 9:4 (43,7) <0.0001 | 1810 (15,0) 9:4 (35,7) 0.0008
TFC (n, IQR) 180 (22,0) 84 (54,8.2) 0.0002 | 29+1 (11,1.75) 264 (30,5) 0.0005 | 29:1(15,1) 26+4 (35,5) 0.0105
ACER (n, IQR) 41:2 (11,2.5) | 82:6 (36,6.25)  <0.0001 | 41+1 (11,2.5) | 84+6(39,7.75)  <0.0001 | 41+2(15,3) 87+5(93,6.75)  0.0048
Comorbidities

Depression 7 12 0.2251 5 16 0.0257 2 9 0.0482
Anxiety 3 14 0.0057 2 13 0.0052 0 8 0.0045
Cancer 0 0 NA 0 0 NA 0 0 NA
Diabetes 3 3 0.9519 2 5 0.3263 0 p) 0.1778
Hypertension 3 7 0.2150 4 10 0.1483 2 5 0.3055
Hypercholesterolemia 9 8 05232 5 5 0.8091 1 3 0.3669
Insomnia 1 5 0.1066 2 8 0.0772 0 6 0.0157

6.7£2.0 (48,2.1)
244+67(53,78)

White blood cells (n, |QR)|6.5:1.7 (58,1.95) 0.8218

Platelets (n, IQR) 23855 (55,96)

6.8+1.6 (44,1.6)
0.7168 |226+48 (44,65.8) 243+64 (40,77.25)  0.1878 |235:63 (27,87)

6.6+2.0 (41,2.4) 0.2664

0.6128

0.7462 |5.9+1.3 (28,2.15)| 6.5:2.4 (31,2.45)
227464 (31,52.5)

Disease severity was evaluated within 6 months of blood sampling. Comorbidities were determined from medical information reported by the
participant or caregiver. Statistical analyses: All comparisons between two groups were performed using an unpaired Student’s t test. Compari-
son of the frequency of males and females within groups was performed using a Chi-square test

ACE-R Addenbrookes Cognitive Examination-Revised, CAG number of polyglutamine repeats, cUHDRS composite Unified Huntington’s Dis-
ease Rating Scale, DBS Disease burden score, F' Female, HD Huntington’s disease, /QR interquartile range, M Male, MMSE Mini-Mental State
Examination, NA not applicable/available, n number, PBMC Peripheral blood mononuclear cells, TFC Total Functional Capacity

advanced stage of disease (plasma n=17). This popula-
tion was paired with healthy control samples of similar age
and gender to assess plasma tau levels in more advanced
disease stages (HD n=11 females, n =6 males, average
age=59.7+11.4; CTRL n=10 females, n =6 males, n=1
unknown, average age =57.6 years + 14.7). Comorbidities
were identified based on answers provided on the question-
naire, while blood cell counts were obtained from a routine
blood work which was concurrently performed for each indi-
vidual (Table 1) from blood retrieved in dipotassium eth-
ylenediaminetetraacetic acid-coated tubes (BD Vacutainer,
Cat#367,861). Any subjects with abnormal blood counts
(i.e., blood cell count, hematocrit, mean corpuscular vol-
ume, mean corpuscular hemoglobin, and mean platelet vol-
ume), as identified by values outside of the reference range
[16], were excluded from the study. The mean pathologi-
cal CAG repeat length within HD patients was 42 +2-23.
Clinical evaluations, including the total score on the Uni-
fied Huntington’s Disease Rating Scale (c(UHDRS) [26]
and total functional capacity (TFC) [26], were conducted
within 6 months of blood collection, with the majority of
subjects having this done on the same day as blood sampling
(Table 1).

Blood sample processing
Plasma isolation
All plasma was processed within 2 hours (h) of sampling.

For each patient, two citrate blood collection tubes (BD
Vacutainer, no. 369714) were centrifuged at 2500 X g at

room temperature (RT) for 2 X 15 min (min) prior to har-
vesting the supernatant, aliquoting, and storing at — 80 °C.

Platelets

Two citrate-coated tubes (BD Vacutainer, no. 369714) were
centrifuged for 10 min at 282 x g. The supernatant was col-
lected and 1/5 of the volume of acid citrate dextrose [ACD,
0.48% (w/v) C¢HgO4, 1.32% (w/v) Na,CcHsO-, and 1.47%
(w/v) C¢H,,0¢)] and 1/50 of the volume of ethylenediamine
tetraacetic acid (EDTA, 0.5 M) was added before the com-
plete suspension was centrifuged twice for 2 min at 400 x g
and 5 min at 1300 x g. The subsequent platelet pellet was
dissolved in 100 ul of Tyrode (7 mM NaHCO;, 135 mM
NaCl, 3 mM KCl, 0.4 mM NaH,PO,, 1 mM MgCl,, 4.5 mM
glucose, and 18.7 mM HEPES buffer) pH 6.5, 900 ul of
Tyrode pH 7.4, 200 pl of ACD, and 20 pl of 0.5 M EDTA.
The final platelet pellet was centrifuged for 5 min at 1300 g
and dissolved in 100 pl of lysis buffer (Thermo Scientific™,
Pierce™ IP Lysis Buffer, no. 87788) with protease and phos-
phatase inhibitors (Thermo Scientific™, Halt™ Protease and
Phosphatase Inhibitor Cocktail 100X, no. 78440). All sam-
ples were stored at -80 °C.

PBMC Heparin-coated tubes (BD Vacutainer, no. 367880)
were centrifuged at 282 X g for 10 min at RT. Subsequently,
the cell pellet was washed in phosphate-buffered saline
(PBS) containing 2% fetal bovine serum and isolated using
SepMate™ according to the manufacturer’s instructions
(StemCell™, no. 15460). PBMC were then homogenized
in 200 pL of the same lysis buffer as described for plate-
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lets with protease and phosphatase inhibitors and stored
at—80 °C.

Western blotting
Detection of tau in platelets and PBMC

For all immunoblots, positive (prefrontal cortex lysate from
mice expressing human tau) and negative controls (prefron-
tal cortex lysate from tau knock-out mice) were included.
For all samples, 40 pg of protein was combined with 1 X 1%
(v/v) Laemmli buffer (312.5 mM Tris—HCI, 30% glycerol
[Sigma, no. G5516-4L], 12.5% B-mercaptoethanol [Sigma,
no. M3148-100ML], 10% SDS, 0.025 M EDTA, and 0.01%
Bromophenol blue [Sigma, no. B0126-25G]), and water to
a final volume of 40 pL. Prior to loading, all PBMC sam-
ples were sonicated in a water bath sonicator for 8§ X5 s and
heated at 95 °C for 5 min, while platelet samples were heated
at 95 °C for 5 min. Samples were then loaded into 10% SDS
polyacrylamide gels and migrated for 90 min at 100 V in
running buffer (25 mM Tris HCI, 190 mM glycine [Sigma,
no. G7126-5 KG], and 0.1% SDS) and then transferred onto
a 0.45 pm polyvinylidene difluoride membrane (GE Health-
care Life Science: 10,600,023) for 1 h at 100 V in transfer
buffer (25 mM Tris HCI, 190 mM glycine, and 20% metha-
nol [Fisher Chemical, no. A452-4]). After completion of the
transfer, total protein was detected by incubating in ponceau
red for 1 min. After the removal of ponceau red by sequen-
tial PBS washes, non-specific binding was eliminated by
blocking with 3% gelatin extracted from cold water fish skin
(Sigma, no. G7041-500G) in PBS for 1 h at RT, followed by
overnight incubation at 4 °C with the following primary anti-
bodies: t-tau (1:10,000, Dako, no. A0024) or p-tau 1:5,000
pS199, (Invitrogen, no. 44734G) diluted in 3% fish gelatin
in PBS supplemented with 0.1% Tween 20 (PBST) (Fisher
Bioreagent, no. BP337-500). The following day, membranes
were washed three times for 10 min, incubated for 45 min
at RT with IRDye 800CW (LI-COR Biotechnology, no.
926-32,212) and IRDye 680RD (LI-COR Biosciences, no.
926-68,073) antibodies and quantified using Odyssey CLx
imaging system (LI-COR Biosciences).

Simoa

All tau measurements in plasma samples were performed at
the Neurochemistry laboratory of the University of Goth-
enburg (Mdlndal, Sweden) using Simoa HD-X instruments
(Quanterix). Plasma tau measurements included p-tau 181,
p-tau 231, and N-terminal containing tau fragments (NTA-
tau). Development and validation of these assays have been
described elsewhere [18, 24, 26]. Prior to the assessment
of samples, assay beads were suspended in bead diluent,
biotinylated detector antibodies in tau 2.0 assay diluent
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(#101,556, Quanterix) and the enzyme streptavidin-conju-
gated p-galactosidase (SBG) concentrate (#103,397, Quan-
terix) in SBG diluent (#100,376, Quanterix). For plasma,
randomized samples were thawed, vortexed, centrifuged
(4000 g, 10 min), and diluted 1:2 with tau 2.0 assay diluent.
An eight-point calibrator curve using recombinant GSK-3f
phosphorylated full-length tau-441 (for p-tau 181 and p-tau
231) and non-phosphorylated full-length tau-441 (for NTA-
tau) was included in all plates. Two internal quality control
(1QC) samples were also present on each plate, before and
after the analyzed samples, to control for inter- and intra-
assay variability. Repeatability and intermediate precision
values in the cohort were < 15%. Calibrators and internal
quality control samples were run as duplicates.

Quantification and analysis
Western blots

Quantification of immunoblot band intensity was performed
using the Image Lab 6.1 Software (Bio-Rad Laboratories,
Inc.) for ponceau signal and the Odyssey Imaging System
(Odyssey; Li-Cor, Lincoln, NE) for total tau (t-tau) and
p-tau. Protein signal was corrected to ponceau when p-tau
and t-tau are shown individually to control for loading dis-
crepancies. For the analysis of p-tau levels, signals were
corrected to t-tau. To normalize differences between gels,
each independent gel included all experimental groups, and
results were calculated as a percentage of CTRL on that gel
prior to pooling the results.

Statistical analysis

Statistical analyses were performed with GraphPad Prism
v. 9.0.1 (GraphPad, San Diego, California, USA) or R Stu-
dio®1.3.1093. The normality of the data were inspected
with the Brown—Forsythe and Bartlett’s test for one-way
ANOVA’s as well as the D’Agostino and Pearson normality
tests prior to completion of linear regressions. When data
were non-normally distributed, non-parametric tests were
used where possible, and data were transformed where not
possible. Differences between CTRL and HD gene carri-
ers were evaluated using either the Mann—Whitney U test
(severe disease comparisons for plasma, and all compari-
sons for PBMC and platelets) or a one-way ANOVA test
with Dunnett’s multiple comparison test (plasma). For all
one-way ANOVA and t tests, values that were more than 2
standard deviations away from the mean were identified as
outliers and removed from these analyses. In all graphs, bars
represent the mean with individual data points indicating
biological replicates.

Effects of demographic variables and disease met-
rics on tau levels were evaluated using simple linear
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regressions. As tau levels are known to increase with
age—and we observed a relationship in our own data
(supplementary Table 1)—all data were age corrected
using the partial correlation method. For the platelet and
PBMC data, a reciprocal transformation was also per-
formed after which the residuals were both randomly and
normally distributed. Partial Spearman correlations were
performed using the pcor function in R. Outliers were not
removed for any of the regression analyses.

Results

In our data sets, non-disease-associated co-morbidi-
ties were equally prevalent in gene carriers and CTRL
(Table 1). However, disease-associated variables, such as
anxiety, depression, and insomnia, were significantly more
prevalent in HD gene carriers, as anticipated [32-34].
While scores pertaining to anxiety and depression were not
specifically correlated with tau levels, both are assessed
as part of the (cCUHDRS) [35]. Potentially confounding
variables, such as gender and location of the blood drive
(UK vs. Canada), were evaluated with two-way ANOVA

Plasma tau levels
*

0.6 2.0= 2.0 ¥
p=0.2850 p=0.0236
£o04d . E Ew
£ : 2 29 104 TFC -0.2335 0.0751
3 f 3 .05 3 § 0s CUHDRS 0.2913 0.0279
< 0.2+ - x5 ] ACER 03185 0.0862
= < 8 q
= 054 E ]
2 i El i! = = o.o-—‘LHE— MMSE | -0.4463 0.0064
0.0 - 0.0 - ¥ 1 -0..5 = ———
CTRL HD pHD 0 2 stage 4 6 Control  HD
15 2 ;
18 p=0.1336 p=0.2967 15 %
3 a oo
& S8
3 2 28 TFC -0.1439 0.2770
E gl h 3 - 28 .l cUHDRS 0.1006 0.4564
E_«‘. $fe ACER -0.3201 0.0846
: g MMSE -0.2860 0.0908
0- 0 T T 1 0-
CTRL HD pHD 0 2 stage 4 6 Control ~ HD
209 15+ [ p=0.3694 p=0.0043 159 ’
T L < 10 s 2 10+ (s
Tt e s o TFC -0.3156 0.0201
3109 = ()
8 k| &9 CUHDRS 0.3373 0.0145
S ke o 54 2% 51 4 ACER |  -03818 0.0507
i B
. 5 oo MMSE -0.4423 0.0127
. I
0~ 0+ T T 1 0=
CTRL HD pHD 0 Stage 4 6 Control HD

Fig. 1 Plasma levels of NTA-tau, p-tau 181, and p-tau 231 increase
with disease stage in HD patients. NTA-tau, p-tau 181, and p-tau
231 levels in plasma were all measured by Simoa. Total cohort
n=64 CTRL, 55 manifest HD, 13 pHD. Stages 3-5 n=17 CTRL,
17 manifest HD. Statistical analyses were performed using a one-
way ANOVA for comparison between CTRL, HD patients and pHD
gene carriers, a Spearman test for all correlations and a Student’s
unpaired t test for CTRL and stage 3—5 HD patients. * p<0.05. One

way ANOVA results: NTA-Tau between controls, manifest HD and
pHD: (F(2,115)=3.855, p=0.0240); p-tau 231 between CTRL, man-
ifest HD and pHD (F(2,129)=0.602, p=0.5464); p-tau 181 between
controls, manifest HD and pHD (F(2,128)=1.126, p=0.3274). CTRL
control, HD Huntington’s disease, MMSE mini mental state examina-
tion, NTA-tau N-terminal tau, pHD premanifest gene carriers, p-tau
181 tau phosphorylated at residue 181, p-fau 231 tau phosphorylated
at residue 231, TFC total functional capacity
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models to ensure that they did not affect our data analy-
sis prior to pooling. As no significant differences were
observed, these variables were merged in all analyses.

We initially evaluated the levels of NTA-tau and phos-
phorylated-tau (p-taul81 and p-tau231) in the plasma of
HD patients and age/gender-matched CTRL (Fig. 1). For
all three forms of tau, premanifest gene carriers displayed
similar levels to CTRL but were also not significantly dif-
ferent from manifest gene carriers. In contrast, plasma lev-
els of NTA-tau, but not p-tau 181 or p-tau 231, were found
to be increased in manifest HD gene carriers as compared
to CTRL (Fig. 1). Previous reports have suggested that
tau levels in CSF increase with disease severity [12, 31,
36], so we next explored the possibility of plasma levels
also increasing with disease progression by performing
a spearman correlation analysis of tau and disease stage
after correcting for age. This assessment revealed a signifi-
cant correlation between NTA-tau and p-tau 181 with dis-
ease stage (Fig. 1). Specific evaluation of individuals with
advanced disease (Stage 3-5; n = 17/group) demonstrated
a significant elevation of NTA-tau and p-tau231 when they
were compared to age- and gender-matched CTRL.

Having determined that NTA-tau and p-tau levels
increase in the plasma of HD patients as disease pro-
gresses, we next investigated the relationship between clin-
ical features and tau by performing Spearman correlations
between plasma tau measurements and TFC, cUHDRS, the
Mini-Mental State Examination score (MMSE), and the
Addenbrooke’s cognitive rating scale-revised score (ACE-
R) (Fig. 1). These tests were selected as common meas-
ures of HD with at least some cognitive component. Spe-
cifically, TFC assesses the ability of patients to complete
tasks of daily living. The cUHDRS measures four aspects
of disease, including motor impairments, cognitive abil-
ity, mood, and functional capacity [35]. Finally, MMSE
and the ACE-R are general tests of cognition. Significant
correlations were observed between plasma NTA-tau and
cUHDRS and MMSE, as well as between plasma p-taul§1
and TFC, MMSE, and ACE-R. These findings suggest that
plasma tau, particularly p-taul81, is related to the degree
of clinical impairment observed in HD patients.

To continue our evaluation of tau in the blood, we
quantified tau within PBMC and platelets as both cell
types have been shown to be affected in HD [37-46], in
addition to expressing tau. In PBMC, we observed that
t-tau, but not p-tau levels, were increased in gene carriers
(Fig. 2). Unlike the results obtained with plasma, these
changes were not correlated with stage as even premanifest
HD gene carriers were characterized by elevated levels
(Fig. 2). To understand if other aspects of disease may
better correlate with the increase in total tau in PBMC,
we looked at levels of tau and disease burden score, CAG
repeat length, MMSE, ACE-R, and stage but found no

@ Springer

significant relationship between PBMC and any of these
clinical measures of the disease.

To complete our analysis of tau in different blood com-
ponents, we assessed tau levels within platelets. Similar to
PBMC, we detected an increase in t-tau in HD platelets but
not in p-tau (Fig. 3). Unlike PBMC, this increase was sig-
nificantly correlated with disease severity (Fig. 3), although
a relationship with CAG repeat length and disease burden
score was not seen. When TFC, cUHDRS, MMSE, and
ACE-R were analyzed, levels of tau within platelets also
correlated with TFC (Fig. 3). Combined, these findings sug-
gest that tau levels within platelets may be related to both
disease progression and severity.

Discussion

We assessed NTA-tau, t-tau, and p-tau in different blood
compartments from CTRL, premanifest gene carriers, and
manifest HD patients. For all three evaluated blood com-
ponents, a significant increase in t-tau or NTA-tau was
observed, which correlated with TFC in platelets and cUH-
DRS/MMSE in plasma. In plasma, a significant relation-
ship between disease severity and p-tau was also detected.
Together, these findings support assessment of blood tau as
a potential biomarker of HD severity.

A number of studies have now indicated that tau accu-
mulates as HD advances [12—14] and that reducing abnor-
mal tau can have a beneficial effect on disease course, at
least in preclinical models of the disease [16, 17]. However,
only two studies have assessed tau levels in HD plasma;
one in mouse models [31] and the other in a small clinical
cohort [6]. In the study of mouse models of HD, plasma
t-tau levels were increased but only in older mice with more
severe phenotypes [31]. This is mostly consistent with our
findings as there was no increase in premanifest patients,
but changes were measurable in the most severely affected
group of patients. However, our findings differed from
those previously reported in that we observed a significant
increase in plasma NTA-tau in all manifest patients and not
just in the most severe cohort. This discrepancy could relate
to the inherent differences between an animal model and
the human disease, although it is also possible that this dif-
ference relates to the form of tau measured as we detected
NTA-tau and the previous study measured t-tau, which has
a weaker relationship with central tau accumulation than
NTA-tau [26]. In the one clinical study evaluating p-tau
and t-tau, no significant differences were observed between
patients and CTRL which contrasts with our findings [6].
The most likely explanation for this divergence relates to
the sample size. In our study, we collected plasma from 64
gene carriers and 61 CTRL in contrast to the 10 manifest
patients and 10 CTRL which were assayed in [6]. However,
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Fig.2 Total tau is increased

in PBMC isolated from HD
patients. Levels p-tau and total
tau were evaluated by west-

ern blot. Total cohort n=45
CTRL, 43 HD, 9 pHD. Patients
and premanifest gene carriers
were pooled in all graphs as no
effect of stage was observed.
Statistics were performed using
a Student’s unpaired t test, or,
where variances were unequal,
a Kruskal-Wallis test, for
comparisons of CTRL to HD
gene carriers. Correlations were
evaluated using a Spearman
test. Spearman’s rho and p val-
ues are reported on each graph
or in the summary table. *
p<0.05. ACE-R Addenbrooke’s
cognitive exam revised, cUH-
DRS composite unified HD
rating scale score, DBS disease
burden score, HD Huntington’s
disease, kDa kilodalton, MMSE
Mini-Mental State Examina-
tion, pS199 tau phophorylated
at serine residue 199, TFC total
functional capacity, WBC white
blood cell. + ve, positive con-
trol; -ve, negative control
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it is also possible that differences in age or the specific type
of tau evaluated (t-tau vs. NTA-tau, p-tau 181, and p-tau
231) are also responsible for the different results as this pre-
vious study only evaluated t-tau [6].

The possibility that the type of tau explains the differ-
ences between the two studies is supported by previous work
showing that the specific site of tau phosphorylation influ-
ences tau physiology and the suitability for tracking different
aspects of disease. Specifically, studies of tau physiology
have demonstrated that a number of kinases are responsi-
ble for the phosphorylation of tau at different residues [47,
48] and that varying the site of phosphorylation can lead to
changes in the capacity of tau to bind microtubules and to
alterations in cellular localization [49-51]. Similarly, evalu-
ation of tau in patient samples indicates that the specific

epitope phosphorylated, or form of tau, changes with dis-
ease stage or degree of amyloid pathology. For example, in
AD, the most studied forms of p-tau in plasma, p-tau 181,
and p-tau 231 [52] both depict variations early in disease
course, but p-tau 231 in plasma better separates mild cogni-
tive impairment from AD [53]. NTA-tau also changes early
in disease course but has been shown to have a stronger
relationship with central tau levels and a weaker relation-
ship with amyloid-beta (Af) accumulation than plasma t-tau
or p-tau 181/231 [21]. In other neurodegenerative diseases,
such as Parkinson’s disease and dementia with Lewy bod-
ies, fewer differences between various phosphorylated forms
of tau have been observed with both p-tau 231 and p-tau
181 showing elevations when compared to controls with no
neurological disease [54, 55]. These results contrast with

@ Springer



254 Page8of11

Journal of Neurology (2025) 272:254

Platelets
20~ 20
Control HD .| $=0.5087 p=0.0057
— 15+ 15+,
o — —— —— et R~ S =
y - RS - ]
50 kD [ e R T b g10 10
37 kDa !
0 0
200+ 300~ * 2004 0 > 4 6 3 é 10 15
= ° £ o Stage TFC
s 1504 ° %’ 5 1504
g 2 & 2004 K:} : t-tau/Total protein
2 = s
Poden it ied
5 5l 3 1007 & 2 50 TFC -0.5087 0.0057  |UHDRS 0.3219 0.0948
= = ° CAG 02318 03255  |ACER -0.2766 0.1907
0 04 0 DBS 0.1892 0.4243 Stage 0.4263 0.0378
Control HD Control HD Control HD

Fig.3 Total tau levels are increased in HD patients and strongly cor-
relate with disease stage and clinical features. Levels of p-tau 199 and
t-tau were evaluated by western blot. Total cohort n=29 CTRL, 26
HD, 9 pHD. Graphs below the representative immunoblot include
only CTRL and manifest HD patients as a significant correlation
between disease stage and t-tau levels was present. Both manifest
and premanifest gene carriers are included in all correlation analyses.
Levels of t-tau in platelets significantly correlated with disease stage

our study where a significant increase was only observed
in p-tau 231 in patients with advanced disease. However,
the presence of significant relationships between p-tau 181
and multiple clinical metrics suggests that both have some
association with disease. In our patient group, NTA-tau was
the only form of plasma tau that was significantly increased
when all manifest patients were compared to controls.
This finding could be explained by the strong relationship
between NTA-tau and weak relationship with Ap as AP
accumulation is not typically associated with HD. To date,
insufficient work has been performed in platelets and PBMC
to understand how phosphorylation status may relate to dis-
ease processes. However, it has been reported that c-termi-
nal tau better discriminates between those with an MMSE
score greater than 27 and those with a score between 24 and
27 than p-tau in platelets [29]. This suggests that the exact
form of tau evaluated will influence the observed relation-
ship between tau levels and disease severity regardless of
the source of tau.

This is further supported by our data set as each form of
tau measured has a different relationship with disease. Spe-
cifically, NTA-tau correlated with the MMSE and the cUH-
DRS, platelet t-tau with TFC and disease stage, and p-tau
181 with most clinical measures. For NTA-tau, the greater
strength of the relationship with MMSE and the fact that
the MMSE is a subcomponent of the cUHDRS suggests that
NTA-tau is particularly associated with cognitive impair-
ments in HD patients. This relationship is consistent with
reports the NTA-tau correlates well with PET levels of tau
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and TFC. Statistics were performed using a Student’s unpaired t test
for comparison of CTRL to manifest HD patients. Correlations were
evaluated using a Spearman test. * p<0.05. ACE-R Addenbrooke’s
cognitive examination revised, cUHDRS composite unified HD rating
scale, DBS disease burden score, HD Huntington’s disease, kDa kilo-
dalton, MMSE Mini-Mental State Examination, pS799 tau phospho-
rylated at serine residue 199, TFC total functional capacity

[21], and that PET tau levels are linked to cognitive decline
[56]. In contrast to NTA-tau, t-tau in platelets was more
closely associated with TFC showing no significant corre-
lation with other measures of disease, including more pure
cognitive tests. Since reductions in TFC are most strongly
connected to age and CAG repeat length [57], this suggests
that t-tau in platelets relates to these factors. However, both
CAG repeat length and disease burden score, which is cal-
culated using age and CAG repeat length, failed to show
significant correlations with t-tau in platelets, which implies
that a yet to be identified factor links platelet p-tau and TFC.
Finally, p-tau 181 was found to significantly correlate with
nearly all clinical measures and the strength of the relation-
ship was similar across the different scales, indicating that
it may be more associated with general disease progression
than one specific facet of disease.

Of the observed relationships between tau in the blood
and various clinical measures, platelet tau levels were the
most similar to associations with clinical disease metrics
reported for tau in the CSF [14]. While platelets fulfill
distinct functions from cells of the CNS, they have often
been used as an indicator of nervous system function due to
the similarity in the proteomes of these cells and neurons,
including the presence of neurotransmitters and their regula-
tory enzymes [37-41]. In HD, various platelet dysfunctions
have been described, including altered uptake or metabolism
of monoamines, such as dopamine and serotonin [37-45],
altered capacity to clot and to maintain blood-brain bar-
rier integrity [58], changed mitochondrial transport chain
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subunit expression [59], and activity of nitric oxide synthase
(NOS) [60-63]. Of these, the strongest and most consistently
reported effect relates to NOS which was shown to associ-
ate with age of onset as well as anticipation in age of onset
across multiple generations [60—62]. This further suggests
that there is a connection between platelet pathology and
HD.

While this is the first study to evaluate tau levels in
platelets in HD, changes in tau levels in platelets have been
reported in other CNS conditions, including AD [27, 28, 64],
mild cognitive impairments [29, 65], and depression [28].
In some cases, these alterations correlated with increased
behavioral or neurodegenerative features of disease [64,
65] suggesting that tau levels in platelets may be a good
indicator of disease stage, including at early stages of dis-
ease. Thus, our findings add to previous reports by showing
that plasma NTA-tau and platelet tau levels relate to disease
stage in HD patients.

Conclusion

Our study suggests that tau levels increase with disease
severity in all evaluated blood compartments in patients
with the HD gene. Of the different blood fractions, plasma
p-tau 181 and total tau in platelets unveiled the strongest
relationship with disease progression and symptom severity.
Importantly, the total tau levels in platelets increased steadily
across all stages of disease, warranting additional studies to
assess the biomarker potential of total platelet tau in HD.
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