Neuroinflammation parallels 18F-P1-2620 PET patterns in
primary 4R tauopathies

Maura Malpettil* PhD, Sebastian Niclas Roemer?** MD, Stefanie Harris** MD,
Mattes Gross>#, Johannes Gnorich* MD, Andrew Stephens® MD PhD, Anna Dewenter® PhD,
Anna Steward® Davina Biel® PhD, Amir Dehsarvi® PhD, Fabian Wagner,® Andre Miiller®
MD, Norman Koglin® MD, Endy Weidinger? MD, Carla Palleis?>®’ MD, Sabrina Katzdobler?
MD, Rainer Rupprecht!® MD, Robert Perneczky® %1 MD, Boris-Stephan Rauchmann?®12
MD, Johannes Levin?®™ MD, Giinter U. Hoglinger>®™ MD, Matthias Brendel*®™ MD,

Nicolai Franzmeier®61% phD

Department of Clinical Neurosciences and Cambridge University Hospitals NHS Trust, University of
Cambridge, Cambridge, UK

Department of Neurology, LMU Hospital, LMU Hospital, LMU Munich, Germany

Institute for Stroke and Dementia Research (ISD), LMU Munich, Germany

Department of Nuclear Medicine, LMU Hospital, LMU Munich, Germany

Life Molecular Imaging, Berlin, Germany

Munich Cluster for Systems Neurology (SyNergy), Munich, Germany

German Center for Neurodegenerative Diseases (DZNE) Munich, Munich, Germany

Department of Psychiatry and Psychotherapy, LMU Hospital, LMU Munich, Germany

Aging Epidemiology (AGE) Research Unit, School of Public Health, Imperial College London, London,
UK

10. Department of Psychiatry and Psychotherapy, University Regensburg, Regensburg, Germany

11. Sheffield Institute for Translational Neuroscience (SITraN), University of Sheffield, Sheffield, UK

12. Department of Neuroradiology, LMU Hospital, LMU Munich, Germany

13. University of Gothenburg, The Sahlgrenska Academy, Institute of Neuroscience and Physiology,
Department of Psychiatry and Neurochemistry, MéIndal and Gothenburg, Sweden

=

©CoOoNoGORr~WDN

* equal contribution
# equal contribution

Corresponding author:

Dr. Maura Malpetti

Department of Clinical Neurosciences
University of Cambridge

Herchel Smith Building, Forvie Site

Robinson Way, Cambridge Biomedical Campus
Cambridge CB2 0SZ

Email: mm2243@medschl.cam.ac.uk

Word count: 4500
Running title: Inflammation and tau PET in 4R-tauopathies

Financial Disclosure/Conflict of Interest: none related to this work.
Funding: M.M. is funded by Race Against Dementia Alzheimer’s Research UK (ARUK-
RADF2021A-010), and the National Institute for Health Research (NIHR) Cambridge

Biomedical Research Centre (NIHR203312: the views expressed are those of the authors and


mailto:mm2243@medschl.cam.ac.uk

not necessarily those of the NIHR or the Department of Health and Social Care). R.P. is
supported by the German Center for Neurodegenerative Disorders (Deutsches Zentrum fr
Neurodegenerative Erkrankungen, DZNE), the Hirnliga e.VV. (Manfred-Strohscheer Stiftung)
and the Deutsche Forschungsgemeinschaft (DFG, 1007 German Research Foundation) under
Germany’s Excellence Strategy within the framework of 1008 the Munich Cluster for Systems
Neurology (EXC 2145 SyNergy — ID 390857198), the National Institute for Health and Care
Research (NIHR) Sheffield Biomedical Research Centre (NIHR203321), the University of
Cambridge — Ludwig-Maximilians-University Munich Strategic Partnership within the
framework of the German Excellence Initiative and Excellence Strategy, the European
Commission under the Innovative Health Initiative program (project 101132356), the Davos
Alzheimer’s Collaborative, the Robert-Vogel-Foundation, the VERUM Foundation and the
Pesl-Alzheimer-Foundation. C.P. was supported by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) under Germany’s Excellence Strategy within the
framework of the Munich Cluster for Systems Neurology (EXC 2145 SyNergy — ID
390857198), the Lineburg Heritage, Friedrich-Baur-Stiftung and Thiemann Foundation. For
the purpose of open access, the authors have applied a CC BY public copyright licence to any

Author Accepted Manuscript version arising from this submission.



ABSTRACT

Background: Preclinical, post-mortem and PET imaging studies have pointed to
neuroinflammation as a key pathophysiological hallmark in primary 4R tauopathies, and its role
in accelerating disease progression.

Objectives: We tested whether microglial activation (i) progresses in similar spatial patterns as
the primary pathology tau spreads across interconnected brain regions and (ii) whether the
degree of microglial activation parallels tau pathology spreading.

Methods: We examined in vivo associations between tau aggregation and microglial activation
in 31 patients with clinically diagnosed 4R tauopathies, using 18F-P1-2620 PET and 18F-
GE180 (TSPO) PET. We determined tau epicenters, defined as subcortical brain regions with
highest tau PET signal, and assessed the connectivity of tau epicenters to cortical ROls using a
3T resting-state fMRI template derived from age-matched healthy elderly controls.

Results: In 4R tauopathy patients, we found that higher regional tau PET covaries with elevated
TSPO-PET across brain regions that are functionally connected to each other ($=0.414,
p<0.001). Microglial activation follows similar distribution patterns as tau and distributes
primarily across brain regions strongly connected to patient-specific tau epicenters (3=-0.594,
p<0.001). In these regions, microglial activation spatially parallels tau distribution detectable
with 18F-P1-2620 PET.

Conclusions: Our findings indicate that the spatial expansion of microglial activation parallels
tau distribution across brain regions that are functionally connected to each other, suggesting
that tau and inflammation are closely inter-related in patients with 4R tauopathies. The
combination of in vivo tau and inflammatory biomarkers could therefore support the
development of immunomodulatory strategies for disease-modifying treatments in these

conditions.



INTRODUCTION

Progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD) are fatal
neurodegenerative tauopathies, characterised by the progressive decline of motor and cognitive
function(1,2). The core pathognomonic hallmark across PSP and CBD is the aggregation of
misfolded hyper-phosphorylated 4-repeat (4R) tau deposits (i.e., a protein typically involved in
microtubule assembly and stability) within neurons, astrocytes and oligodendroglia, which
spread progressively across connected brain regions, ensuing neurodegeneration and clinical
worsening(3-7). Besides the aggregation and progressive spread of 4R tau, neuroinflammation
and microglial activation have been increasingly recognised as pathophysiological hallmarks
in PSP and CBD that may be critical for disease progression(8-13). Specifically, i) microglia
and pro-inflammatory cytokines are upregulated in 4R tau vulnerable regions in PSP and CBD
patients(14,15), ii) GWAS have identified LRRK2 genetic variants related to
neuroinflammation as risk factors for disease progression in PSP(16,17), and iii) stronger
neuroinflammation has been shown to predict faster clinical deterioration in PSP patients(8).
Evidence from post-mortem and animal studies suggests further that microglial activation and
the aggregation of 4R-tau may be closely linked mechanistically, since neuroinflammation not
only co-localises with tau pathology(10,15), but also acts as an important accelerator of tau
aggregation and the putative trans-neuronal spread of tau, e.g. via NF-xB signalling(18,19).
Similarly, studies in Alzheimer’s disease (AD), i.e., a secondary amyloid-beta associated 3/4R-
tauopathy, have shown that microglial activation may trigger tau hyperphosphorylation,
aggregation and spread(20,21). Thus, microglial activation may actively contribute to the
aggregation and trans-neuronal spreading of tau in primary tauopathies and therefore represent
a candidate therapeutic target for attenuating tau aggregation and spread.

Previous imaging studies have confirmed preclinical and post-mortem evidence on the co-
localisation and associations between tau pathology and microglial activation in PSP and CBD,

and their role in accelerating disease progression(8,10,22). Yet, no previous study has tested



whether microglial activation follows similar connectivity-mediated progression patterns as for
tau pathology in patients with 4R-tauopathies, and whether the degree of microglial activation
parallels the distribution and spreading of tau pathology across connected brain regions. To this
end, we combined GE180 TSPO-PET, PI-2620 tau-PET, and resting-state fMRI in a cohort of
31 patients with clinically diagnosed PSP or corticobasal syndrome (CBS, i.e., amyloid-
negative to exclude AD-type tau) with assumed underlying 4R-tau pathology as a cause of their
clinical syndromes. We specifically used the 2" generation PET-ligand P1-2620, which has
been shown to bind to 4R-tau deposits in PSP/CBS patients in in vivo PET assessments,
autoradiography studies, PET-to-postmortem correlational analyses and molecular simulations
(23-30), with neurons and oligodendrocytes being the major tau-positive cell type that
contributed to PI1-2620 PET signal (30). In addition, we used GE180, i.e., a PET-tracer binding
to the 18 kDa translocator protein (TSPO), which is overexpressed on mitochondrial
membranes in activated microglia, and is commonly used as a target for PET-based imaging of
microglial activation. By combining resting-state fMRI-based connectivity, tau-PET and
TSPO-PET in these patients, we determined i) whether tau and microglial activation co-
localize, ii) whether tau and microglial activation expand in similar spatial patterns across
interconnected brain regions, and iii) whether the spatial expansion of microglial activation
across connected regions parallels the distribution of tau pathology. Answering these questions
will help to further clarify the pathophysiological mechanisms underlying 4R-tauopathies and
their interaction, facilitating the development of therapeutic strategies that synergistically target

neuroinflammation and tau pathology in these conditions.



METHODS

Participants

We included 31 subjects recruited at the LMU Munich with a clinical diagnosis of possible or
probable cortico-basal syndrome (CBS, n=20) or a clinical diagnosis of PSP Richardson
Syndrome (PSP-RS, n=11). CBS diagnosis was made according to the revised Armstrong
Criteria of probable CBS or the Movement Disorders Society criteria of possible PSP with
predominant CBS (31,32). PSP-RS was diagnosed following the Movement Disorder Society
diagnostic criteria (32). Inclusion criteria for the current study were age above 45 years, stable
pharmacotherapy for at least one week before the PET examination, negative family history for
Parkinson’s and AD and availability of 3D T1-weighted structural MRI. Exclusion criteria were
severe neurological or psychiatric disorders other than PSP and CBS, or positive A status, as
determined via expert visual read of 18-F-Flutemetamol or 18-F-florbetaben amyloid-PET or
by cerebrospinal fluid analyses of Ap levels using locally established cut-offs (i.e., ABa2/4o-ratio
< 5.5% or AB1-42<375pg/ml), to exclude the possibility of confounding AD-type 3/4R-tau

pathology.

All participants underwent rs6971 single nucleotide polymorphism assessment (see
Supplementary Methods). We previously performed a dedicated analysis to study the impact of
high, medium and low affinity status on [18F]GE-180 PET signal, including patients with 4R-
tauopathies (33). We found that a low affinity binding status resulted in lower [18F]GE-180
signals, whereas high and medium affinity binders showed only minor differences in PET
signals between each other. A similar result was obtained in cohorts with primary and secondary
tauopathies (34). Thus, low-affinity binders were not included in the current study, and only

medium (n=10) or high-affinity binders (n=21) were included in the sample.



The full study protocol including all samples, MRI, 18-F-P12620 PET and GE180 TSPO-PET
PET data analyses were approved by the local ethics committee (LMU Munich, application
numbers 17-569 and 19-022) and the German radiation protection (BfS-application: Z5 -
22464/2017-047-K-G) authorities. The study was carried out according to the principles of the
Helsinki Declaration, written informed consent was obtained from all participants, who
received no compensation for study participation. All work complied with ethical regulations

for work with human participants.

Neuroimaging acquisition

All structural MRI data was collected on 3T SIEMENS scanners using 3D MPRAGE
sequences. [*8F]P1-2620 PET and [*®F]GE-180 TSPO-PET were recorded in combination with
computed tomography (CT) for attenuation correction on a Siemens Biograph True point 64
PET/CT or a Siemens mCT scanner (Siemens, Erlangen, Germany). PI-2620 PET was
performed in a full dynamic setting (0—60min post-injection), from which we extracted a 20-40
minute window for assessing tau load(3). GE-180 TSPO-PET was recorded 60-80 min after
injection to measure microglial activation. Hofmann brain phantoms were used to obtain
scanner-specific filter functions which were used to generate images with similar spatial
resolution, following the Alzheimer’s Disease Neuroimaging Initiative (ADNI) image
harmonization procedure (https://adni.loni.usc.edu/methods/). All datasets were visually

checked for artifacts and motion-corrected using rigid-registration.

Neuroimaging analyses

See Supplementary Materials for structural MRI and PET pre-processing. PET images were
intensity normalized to mean tracer uptake of the inferior cerebellar grey matter, to determine
standardized uptake value ratio (SUVR). The dentate nucleus and superior and posterior layers

of the cerebellum were excluded to account for potential tau-PET positivity in cerebellar areas



and in adjacent extracerebral structures. This also limits the portion of white matter included in
the reference region. All brain atlas data and the inferior cerebellar reference region were further
masked with binary subject-specific grey matter maps. Mean tau-PET and TSPO-PET SUVR
values were extracted for each subject for the 32 subcortical and 200 cortical ROIs from
unsmoothed native-space PET data and z-score normalized to an in-house healthy control

template. Partial volume correction was not applied.

For assessing functional connectivity, we used resting-state fMRI data from 69 cognitively
normal controls of the ADNI cohort (30 females, age on average 77.5+5.9; all amyloid-PET
negative and cognitively normal according to ADNI classifications). Ethics approval was
obtained by ADNI investigators at participating ADNI sites, all study participants provided
written informed consent. These subjects were selected based on absence of objective or
subjective signs of cognitive impairment and had no evidence of clinically relevant cerebral
amyloid or tau pathology, as indicated by negative 8F-florbetapir amyloid-PET (i.e., global
SUVR<1.11) and negative ‘®F-flortaucipir tau-PET scans (i.e., global SUVR<1.3)(36,37).
ADNI MRI scans were obtained on Siemens scanners using unified scanning protocols. T1-
weighted structural MRI was recorded using a MPRAGE sequence with 1mm isotropic voxel-
space and TR=2300ms. For functional MRI, for each subject a total of 200 resting-state fMRI
volumes were recorded using a 3D echo-planar imaging (EPI) sequence in 3.4mm isotropic
voxel resolution with TR/TE/flip angle=3000/30/90°.

See Supplementary Materials for fMRI pre-processing. To determine functional connectivity,
we warped the 232 cortical and subcortical ROIs for tau-PET analyses to denoised and pre-
processed fMRI images in native EPI space, by combining the linear EPI to T1 and non-linear
T1 to MNI transformation parameters. ROl maps in EPI space were masked with subject-
specific grey matter. Fisher-z transformed Pearson-Moment correlations between time-series

averaged across voxels within an ROl were determined to assess subject-specific functional



connectivity matrices. Functional connectivity data was averaged across all 69 ADNI subjects

to determine group-average functional connectivity matrices matching the PET analyses.

Statistics

To determine abnormality of tau-PET and TSPO-PET SUVR data, we generated ROI-wise z-
scores using in-house sample of healthy controls for each tracer (tau-PET controls: age
70.1+£10.5, female/male=10/8; TSPO controls: 71.1+6.8, female/male=8/9). Z-scores were
determined as abnormal when falling above a threshold of 1.645. To determine spatial patterns
of abnormal tau-PET and TSPO-PET, we mapped the probability of regional cortical and
subcortical PET SUVR z-scores falling above a threshold of 1.645 within the cohort of 31 4R-
tau patients.

To test the association between connectivity and inter-regional tau-TSPO PET covariance, we
first determined the inter-regional functional connectivity the n=69 healthy amyloid- and tau-
negative control subjects from the ADNI cohort. Using the ROI-wise PET z-scores determined
in the cohort of 31 4R-tauopathy patients, we then performed partial correlations in tau-PET or
TSPO-PET z-scores between any two pairs of ROIs, adjusting for age and sex.

To test tau propagation and neuroinflammation spatial expansion patterns we determined
patient-specific tau epicenters . This analysis was run at the subject level, i.e., we defined each
PSP-RS and CBS patient’s tau epicenter as 5% of individual regions with the highest tau-PET
z-scores (even regions within the normal range values). We used a conservative threshold of
5% to include the very early regions affected by tau pathology. We assessed seed-based
connectivity of each subject tau epicenter using the functional connectivity template obtained
in ADNI healthy control samples (as for the previous analysis). We then tested for each subject
whether seed-based tau epicenter connectivity predicted brain-wide tau-PET and TSPO-PET

patterns using linear regression. Subject-level standardized regression coefficients (i.e., beta-



values) were then extracted as proxy measures of connectivity-associated distribution of tau
and neuroinflammation.

Next, we tested whether the tau or neuroinflammation load in the tau epicenter determined the
degree to which tau or neuroinflammation spatially progress throughout the brain. To this end,
we tested whether higher tau-PET or TSPO-PET abnormality in the tau epicenter predicted
stronger subject-level tau-PET or TSPO-PET signal across connected brain regions (i.e., higher
subject-level beta values of the association between tau epicenter connectivity and tau-PET or
TSPO-PET uptake in the rest of the brain) using linear regression, controlling for age, sex, and
diagnosis.

Lastly, we tested whether the spatial expansion of microglial activation across connected
regions follows and parallels the distribution of tau pathology. To this end, we employed a pre-
established approach(3) and grouped non-epicenter brain regions into four subject-specific
quartiles, depending on their connectivity level to the tau epicenter and calculate individual

average z scores across regions for each PET modality.

Data availability
Anonymized data may be shared upon request to the corresponding or senior author from a
qualified investigator for non-commercial use, subject to restrictions according to participant

consent and data protection legislation.

RESULTS

Sample characteristics are shown in Table 1. In line with our previous work, across patients the
highest tau-PET abnormality was found in the basal ganglia and primary sensorimotor cortex
(Fig.1A). Similarly, the strongest TSPO-PET abnormality was also detected in the basal ganglia
and frontal brain regions (Fig.1B). The group-level spatial patterns of tau-PET and TSPO-PET

abnormality (i.e., Figs.1A&B) showed a moderate correlation (r=0.42, p<0.001, Fig.1C) and



regional across-subject analyses showed widespread moderate to strong correlations between
TSPO and tau-PET in cortical and subcortical regions (Fig.1D) after FDR correction for
multiple comparisons. Individual coefficients of ROI-wise correlations between TSPO-PET
and P12620 PET z-scores where significantly higher than zero (p<0.001) and did not differ
between patients with PSP and patients with CBS (p=0.35; Supplementary Figure 1A),
suggesting that tau deposition and neuroinflammation are spatially correlated on the subject
level. In the CBS group, the laterality of the clinical syndrome (i.e. left vs. right) was not
associated with the correlation between tau-PET and TSPO-PET z-scores (r=0.02, p=0.94,

Supplementary Figure 1B).

Association between connectivity and inter-regional covariance in tau-PET and TSPO-
PET

First, we assessed whether tau and neuroinflammation levels as measured via P1-2620 and
GE180 PET correlate among functionally connected brain regions (see Supplementary Figure
2). We found that more strongly connected brain regions showed higher covariance in both tau-
PET (B=-0.434, p<0.001, R%=0.215, Fig.2A) and TSPO-PET (B=-0.489, p<0.001, R?=0.239,
Fig.2B). Similarly, ROI-pairs with high covariance in tau-PET also showed high covariance in
TSPO-PET (B=0.414, p<0.001, R?=0.171, Fig.2C).

Next, we tested whether tau and neuroinflammation in highly connected hub regions are most
influential for brain-wide tau and TSPO-PET patterns. We determined the global connectivity
of each ROI (i.e., average connectivity-based distance of a given ROI to all remaining ROIs),
as well as the average tau-PET and TSPO-PET covariance between a given ROl and the rest of
the brain. Supporting the view that globally connected hubs are influential for tau-PET and
TSPO-PET distribution patterns, we found that stronger hub-ness (i.e., shorter global

connectivity-based distance) was linked to higher global covariance in both tau-PET ($=-0.411,

p<0.001, R?=0.165, Fig.2D) and TSPO-PET (B=-0.589, p<0.001, R?=0.344, Fig.2E). Similarly,



regions with high global covariance in tau-PET showed high global covariance in TSPO-PET
(B=0.313, p<0.001, R?=0.094, Fig.2F). These results remained fully consistent when adjusting
for TSPO binding affinity, with a strong association between covariance in TSPO-PET and
connectivity (b=-0.464, R?>=0.216, p<0.001) or covariance in tau-PET (b=0.373, R?=0.139,
p<0.001).

Further, to determine whether our results are confounded by spatial proximity of neighbouring
regions, which may also show high connectivity among each other, we re-assessed the
association between functional connectivity and covariance in tau-PET or TSPO-PET,
controlling for inter-regional Euclidean Distance between ROIs. We obtained fully congruent
results, with significant associations between functional connectivity and covariance in tau-
PET (beta=-0.382, p<0.001) and TSPO-PET (beta=-0.468, p<0.001) as well as between
covariance in TSPO vs. tau-PET (beta=0.322, p<0.001). These results suggest that the co-
fluctuating levels in tau and TSPO-PET between connected regions are not merely a reflection
of spatial proximity.

Finally, as explorative analysis, we tested the associations within diagnostic subgroups, we
found (i) a significant association between connectivity-based distance and covariance in tau-
PET for the PSP (beta=-0.38, p<0.001) and CBS (beta=-0.45, p<0.001) groups; (ii) an
association between connectivity-based distance and covariance in TSPO-PET for PSP (beta=-
0.35, p<0.001) and CBS (beta=-0.43, p<0.001); and (iii) an association between covariance in
tau-PET and covariance in TSPO-PET for PSP (beta=0.27, p<0.001) and CBS groups
(beta=0.43, p<0.001), in line with the view that regions with correlated tau-PET levels also

show correlated TSPO-PET.

Tau- and TSPO-PET signal in local epicenters is highly associated with respective tracer

uptake in highly connected regions



Second, we tested whether the expansion of tau and neuroinflammation follows the connections
of tau epicenters in which tau is assumed to emerge first. Patient-specific tau epicenters were
identified as the 5% of ROIs with highest baseline tau-PET z-scores and included in seed-based
connectivity analyses using the functional connectivity template obtained in ADNI healthy
controls (Supplementary Figure 2C). The linear regression models on the seed-based tau
epicenter connectivity and tau-PET patterns in the rest of the brain identified that the
distribution of beta-values was significantly lower than zero (mean/SD=-0.25/0.81, min/max=-
0.65/0.05, 95%CI=-0.32/-0.18, T=-7.53, p<0.001, Fig.3A). This suggests that regions that are
more closely connected to the epicenter (i.e., shorter connectivity-based distance) show higher
tau-PET uptake. Congruent results were obtained for the association between tau epicenter
connectivity and TSPO-PET uptake in the rest of the brain (mean/SD=-0.18/0.24, min/max=-
0.6/0.37, 95%CI=-0.27/-0.09, T=-4.19, p<0.001, Fig.3A) and this association was not different
in high vs. medium affinity TSPO binders (p=0.52). No significant differences were obtained
in beta-value distributions for the prediction of tau-PET or TSPO-PET deposition patterns using
tau epicenter connectivity (T=1.360, p=0.184, Fig.3A).

Similarly for the previous point, to determine whether spatial proximity of neighbouring regions
influences this result, we re-ran the analyses controlling for Euclidean Distance to the respective
epicenter. Here, we detected fully congruent results, showing that the linear regression models
on the seed-based tau epicenter connectivity and tau-PET patterns in the rest of the brain
identified that the distribution of beta-values was significantly lower than zero (mean/SD=-
0.20/0.18, min/max=-0.56/0.15, 95%CI=-0.27/-0.13, T=-6.02, p<0.001). In line with our main
results that were not controlled for Euclidean Distance, this suggests that regions that are more
closely connected to the epicenter (i.e., shorter connectivity-based distance) show higher tau-
PET uptake. Congruent results were obtained for the association between tau epicenter
connectivity and TSPO-PET uptake in the rest of the brain (mean/SD=-0.14/0.23, min/max=-

0.52/0.29, 95%CI=-0.23/-0.06, T=-3-44, p=0.002). No significant differences were obtained in



beta-value distributions for the prediction of tau-PET or TSPO-PET deposition patterns using

tau epicenter connectivity (T=1.060, p=0.293).

Tau and neuroinflammation determine their respective progression patterns

Next, we tested whether the intensity of tau or TSPO PET signal within the tau epicenter
predicts the degree to which tau or neuroinflammation spatially progress throughout the brain.
We found that higher tau-PET z-scores in the epicenter were linked to a stronger association
between epicenter connectivity and tau (b=-0.438, p=0.023, Fig.3B), but not TSPO-PET (b=-
0.164, p=0.419, Fig.3C). In contrast, higher TSPO-PET in the epicenter was related to a
stronger association between epicenter and TSPO (b=-0.594, p<0.001, Fig.3D), but not tau-
PET (b=-0.102, p=0.601, Fig.3E). Results remained consistent when exploratorily adjusting for

TSPO binding affinity.

The spatial progression of neuroinflammation parallels tau distribution

Lastly, we aimed to determine whether the spatial expansion of microglial activation across
connected regions follows and parallels the distribution of tau pathology, i.e., whether tau-PET
or TSPO-PET increase more than one another across regions connected to the tau epicenter.
We determined four subject-specific quartiles and grouped non-epicenter brain regions
accordingly (i.e., Q1l=strongest connectivity to the tau epicenter vs. Q4=weakest connectivity
to the tau epicenter, Fig.4A). Within the tau epicenter, we found that tau-PET z-scores were
higher than TSPO-PET z-scores (Cohen’s d=0.691, p<0.001, Fig.4B). In contrast, TSPO-PET
z-scores were higher than tau-PET z-scores across Q1/Q2/Q3/Q4 ROIs (Cohen’s
d=0.445/0.697/0.768/0.803, p=0.019/<0.001/<0.001/<0.001, Fig.4B). For each modality-
specific values, the epicenter showed the highest z-scores followed by Q1, with decreasing

values in Q2, Q3, and Q4.






DISCUSSION

Our results suggest that microglial activation does not only co-localise with elevated tau levels
in patients with 4R-tauopathies, but also follows similar progression patterns as tau pathology
and distribute primarily across brain regions that are functionally connected to each other.
Importantly, our findings indicate that microglial activation captured with TSPO-PET in
regions connected to tau pathology epicenters parallels tau detectable with PI1-2620 PET. Our
approach ensures the generalisability of our results across 4R-tauopathies, as the clinical and
patho-anatomical variability (i.e. PSP and CBD, laterality) within the group of interest
maximises the likelihood that the observed associations between TSPO and 18F-PI1-2620 PET
signals reflect not only patho-anatomical differences between a particular disease-related
pattern and controls, but rather 4R tau deposition and corresponding neuroinflammation,

regardless of their specific localization in the brain.

First, we tested whether tau and microglial activation co-localize. As for previous reports in
primary tauopathies(10,38), as well as AD(21,39), which indicated that tau is closely related to
increased microglial activation, our findings confirm spatial co-localisation and covariance of
tau and microglial activation in patients with PSP and CBS. In addition, for the first time in
patients with primary 4R-tauopathies, our study shows that not only tau pathology, but also
neuroinflammation distributes primarily across brain regions that are functionally connected to
each other, in line with the hypothesis that tau spreads across connected brain regions and that
neuroinflammation may follow similar progression patterns. This adds to previous imaging
studies in patients with AD, showing that microglial activation is correlated across connected
brain regions(40,41). Specifically, highly connected brain hubs showed stronger global
covariance in both tau-PET and TSPO-PET, suggesting that regions with brain-wide
connectivity may act as key relay stations for the expansion of tau and neuroinflammation

across connected regions in 4R-tauopathies. In other words, regions that have a higher global



connectivity with the rest of the brain have stronger covariance of tau and inflammation,
suggesting that if early tau pathology and microglial activation are localized in these highly-
connected regions, they are more likely to progress and spread to the rest of the brain,
respectively. Regional differences in gene expression(42), and microglial responses to
pathological triggers or clearance capacity of dysfunctional synapses and neurons(43,44) may
also contribute to regional variability in tau pathology accumulation and inflammatory
responses. Brain regions differ in microglia abundance, with subcortical regions having more
resident microglia(45), which may contribute to the increased vulnerability of specific areas

and the connected ones for early tau accumulation and spread.

Second, we investigated whether tau and microglial activation expand in similar spatial patterns
across interconnected brain regions. Previous imaging studies in patients with 4R-tauopathies
as well as AD(3,46), suggested that tau accumulation starts in specific epicentres that defines
the subsequent progression pattern of tau pathology. Here, we determined patient-specific tau
epicenters (i.e. regions with highest baseline tau-PET z-scores), and tested whether seed-based
tau epicenter connectivity predicted brain wide tau-PET and TSPO-PET patterns. Our results
showed that both tau-PET and TSPO-PET patterns overlap with the connectivity pattern of the
tau epicenter, suggesting that regions that are more closely connected to the epicenter, with
shorter connectivity-based distance, show higher tau and neuroinflammation levels.
Specifically, tau-PET signal in tau-epicenter regions was associated with tau-PET signal in
connected regions, and similarly high TSPO-PET signal in the same tau-epicenter regions was
associated with high TSPO-PET signal in the rest of connected regions. Similar to tau
accumulation and spreading patterns, we showed that inflammation progression can be
predicted at the individual level based on the inflammation levels in tau epicenters and their
normative connectivity patterns. Thus, the cross-sectionally estimated sequence in which

inflammation progresses across the brain parallels that of tau distribution i.e., largely following



the functional connectivity pattern of the sites in which tau potentially emerges, supporting the

view that inflammation and tau progression are closely inter-related.

Finally, we tested whether the spatial expansion of microglial activation across connected
regions follows or parallels the distribution of tau pathology. Specifically, we quantified tau
and TSPO-PET signals in non-epicenter brain regions divided into four subject-specific
quartiles, depending on their connectivity distance from the tau epicenter given our results. A
similar approach was applied in our previous work to define tau progression (3): regions
strongly connected to the tau epicenter represent regions of early spreading, while regions with
weaker connectivity would be involved later in the disease by pathology spreading. On average,
for each tracer, PET signal was higher in the epicenter and closely related regions than in those
regions less connected with the epicenter (Q1>Q2>Q3>Q4). This may suggest that increases in
microglial activation, as assessed with TSPO-PET, in regions connected to the tau epicenter
parallels tau levels detectable with tau-PET in 4R-tauopathies. Although a cross-sectional PET
study cannot resolve the complex biological interaction between the inflammation cascade and
tau pathology in primary tauopathies, we suggest that our finding may have several alternative
interpretations, including that: (i) microglial activation may precede tau pathology
accumulation and contribute to its spreading, or (ii) early changes in tau may not be detectable
with tau-PET, but instigate a high immune response, including activation of microglia.
Preclinical evidence in tauopathies suggest that both interpretations may be right in a
bidirectional relationship between inflammation and tau pathology. In fact, inflammatory
factors can initiate neuronal tau aggregation and contribute to tau spreading and tau-induced
synapse dysfunction(18,43,47); on the other hand, initial tau aggregation can lead to over-
activation of microglia and proinflammatory cytokine release(43). The close relationship
between microglial activation and tau pathology has been supported by studies in mouse models

of neuronal tauopathies that showed how removing senescent microglia or using anti-



inflammatory drugs reduces tau pathology and improves cognitive performance(48-50). The
early involvement of inflammatory pathways in the aetiology of tauopathies has been suggested
by GWAS. For example, Jabbari et al. reported an association between a common variation at
the leucine-rich repeat kinase 2 (LRRK?2) locus and survival from symptom onset to death in
patients with PSP(16). This relationship may be mediated by the effect of increased LRRK2
expression in microglia proinflammatory responses(17), promoting spread and accumulation of
misfolded tau protein, analogous to AD(43). This hypothesis is supported by the association of
dysregulated expression of the microglial-related gene CXCR4, regional accumulation of
neurofibrillary tangles and increased risk of PSP and CBD(51,52). The contribution of tau
inclusions to microglial activation has also been supported by in vitro studies showing that
presence of tau monomers, oligomers, and fibrils leads to changes in microglial morphology
and activation(53). To clarify whether inflammation precedes tau pathology or vice versa,
interventional studies and longitudinal imaging in the pre-symptomatic phase of the disease

course are ultimately needed.

There are several limitations to our study. First, we recruited participants according to clinical
diagnostic criteria, but pathology confirmation for patients included in this study was not
available. We excluded patients with a positive amyloid-biomarkers (i.e., PET or CSF) to
reduce the probability to include patients with PSP and CBS clinical syndromes due to AD, but
we cannot exclude or account for other co-pathologies with the available biomarkers. Second,
longitudinal tau-PET was available in none of the patients, while a second TSPO-PET scan was
available for 7 patients only, which did not allow sufficiently powered statistical analyses. Our
results on tau propagation and inflammation expansion patterns should be validated in larger
cohorts with multiple time points for both tracers. This would also clarify the temporal sequence
of events. Similarly, our cohort’s size did not enable highly powered group-specific sub-

analyses, although the explorative analyses within the diagnostic sub-groups suggested similar



results across PSP and CBD cohorts. Third, to calculate individual modality-specific z-scores,
we compared each patient to controls recruited locally. We included separate groups of healthy
adults who underwent either TSPO-PET or tau-PET but not both, as for limiting radiation
exposure. However, the control groups were age and sex matched. Of note, comparing the two
tracers, TSPO-PET signal was higher than tau-PET in all regions except for the tau epicenter.
However, this may be related to different sensitivity of the tracers. To note, tau PET tracers are
characterised by “off-target” binding to monoamine oxidases expressed on reactive astrocytes
and activated microglia. This could contribute to the associations observed between tau and
TSPO PET tracers. However, the novel tau-PET tracer 18F-P1-2620 has been described as less
affected by off-target binding to monoamine oxidases (54), than previous tau PET tracers. We
did not perform partial volume corrections on PET data from the two different tracers. Although
partial volume correction can significantly enhance the quality and reliability of PET imaging
data, applying a uniform correction method across different tracers in correlation analyses could
introduce tracer-specific biases and artifacts that are not present in the uncorrected data. Finally,
we used TSPO-PET as marker of microglial activation, which does not enable the
differentiation between cells and microglia sub-types. Specifically, [18F]GE-180 has been
described with a relatively low signal-to-noise ratio and low brain penetration, as compared to
other TSPO tracers. Although this may reduce its sensitivity to activated microglia, it also
reduces effect sizes and increase type Il errors, rather than leading to false positive findings. In
addition, the neuroinflammatory cascade in 4R-tauopathies is a complex process not confined
to activated microglia. Future studies with alternative and TSPO non-specific PET tracers

would elucidate further inflammation progression in these conditions.

In conclusion, our findings in primary tauopathies indicate that microglial activation spatial
expansion parallels tau distribution across brain regions that are functionally connected to each

other. Together with previous evidence, this suggests that tau spreading and microglial



activation are closely related pathophysiological processes, that may be underpinned by a
synergistic and/or a causal relationship. A better understanding of the interaction between the
pathological substrates in 4R-tauopathies may crucially contribute to improving patient
stratification in clinical trials. The combination of tau and inflammation in vivo markers could
support the development of immunomodulatory strategies for disease-modifying treatments in

these conditions, alone or in conjunction with treatments targeting tau pathways.
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Figure 1. Tau-PET and TSPO-PET abnormality patterns in patients vs. controls. Panels
A and B: Surface rendering of P1-2620 tau-PET and GE180 TSPO-PET abnormality defined as
the probability of regional PET z-scores (i.e., SUVRs adjusted against healthy controls) falling
above a threshold of 1.645. Panel C: Spatial correlation of TSPO-PET and tau-PET abnormality
patterns shown in Panels A&B. Panel D: ROI-wise correlation between TSPO-PET and tau-
PET across subjects, corrected for multiple comparisons (i.e., FDR, p<0.05).

A: PI-2620 tau-PET abnormality B: GE180 TSPO-PET abnormality

C: PI-2620 tau-PET vs. GE180 TSPO-PET D: Regional correlation PI-2620
abnormality probability patterns tau-PET vs. GE180 TSPO-PET
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Figure 2. Associations between TSPO-PET, tau-PET and fMRI connectivity. Panels A
and B: scatterplots illustrating the association between functional connectivity-based distance
and inter-regional covariance in P1-2720 tau-PET z-scores (A) or covariance in GE180 TSPO-
PET z-scores (B), showing that functionally connected brain regions show correlated tau and
neuroinflammation levels. Panel C: association between covariance in P1-2620 tau-PET and
covariance in GE180 TSPO-PET, showing that regions with correlated tau also show
correlated neuroinflammation. Panels D and E: when assessing whether brain hubs (i.e.,
globally connected brain regions) are influential for brain wide tau and neuroinflammation
patterns, we found that more globally connected regions (x-axis) showed higher global
covariance in tau-PET (D) or TSPO-PET (E). Panel F: scatterplot showing the association
between the global inter-regional covariance in tau-PET and TSPO-PET.
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Figure 3. Tau and neuroinflammation determine their respective progression patterns.

Panel A: Regression-derived beta values of the subject level association between tau epicenter
connectivity and GE180 TSPO-PET (left) and P1-2620 tau-PET in non-epicenter regions.
Panels B and C: higher tau-PET z-scores in the epicenter were linked to a stronger association
between epicenter connectivity and tau (B), but not TSPO-PET (C). Panels D and E: higher
TSPO-PET z-scores in the epicenter were related to a stronger association between epicenter
and TSPO (D), but not tau-PET (E).
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Figure 4. Microglial activation (TSPO-PET) progression spatially parallels tau
distribution detectable with P1-2620 PET. Panel A: using subject-level tau-PET data, we
determined for each patient the subcortical tau epicenter, i.e., defined as 5% of ROIs with
highest tau-PET SUVRs. The remaining regions of interest (ROIs) were grouped for each
subject into quartiles, depending on connectivity strength to the subject-specific tau epicenter.
Panel B: for each quartile we compared TSPO-PET and P12620-PET values. Within the tau
epicenter, tau-PET z-scores were higher than TSPO-PET z-scores (Cohen’s d=0.691,
p<0.001). In contrast, TSPO-PET z-scores were higher than tau-PET z-scores across

Q1/Q2/Q3/Q4 ROIs.
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Table 1: Demographic and clinical information of 4R-tauopathy patients.

Age 70.0+8.2
Gender (f/m) 17/14
PSP-RS/A-beta-neg CBS  11/20
MoCA 22.9+4.6
SEADL 64.1+15.2

TSPO binding affinity 10/21
(medium/high)

f=female, m=male, PSP = Progressive Supranuclear Palsy, CBS = corticobasal syndrome
MoCA = Montreal Cognitive Assessment Scale, SEADL = Schwab and England Activities of
Daily Living Scale



