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Brain inflammation co-localizes highly with
tau in mild cognitive impairment due to
early-onset Alzheimer’s disease

Johanna Appleton,™' Quentin Finn,»" Paolo Zanotti-Fregonara,” Meixiang Yu,>
Alireza Faridar, Mohammad O. Nakawah, Carlos Zarate,* Maria C. Carrillo,*

Bradford C. Dickerson,’ Gil D. Rabinovici,® Liana G. Apostolova,’ ®Joseph C. Masdeu®*
and ®Belen Pascual®?

T#These authors contributed equally to this work.

Brain inflammation, with an increased density of microglia and macrophages, is an important component of
Alzheimer’s disease and a potential therapeutic target. However, it is incompletely characterized, particularly in pa-
tients whose disease begins before the age of 65 years and, thus, have few co-pathologies. Inflammation has been
usefully imaged with translocator protein (TSPO) PET, but most inflammation PET tracers cannot image subjects
with a low-binder TSPO rs6971 genotype. In an important development, participants with any TSPO genotype can
be imaged with a novel tracer, 1*C-ER176, that has a high binding potential and a more favourable metabolite profile
than other TSPO tracers currently available. We applied *'C-ER176 to detect brain inflammation in mild cognitive im-
pairment (MCI) caused by early-onset Alzheimer’s disease. Furthermore, we sought to correlate the brain localization
of inflammation, volume loss, elevated amyloid-f (Ap)and tau.

We studied brain inflammation in 25 patients with early-onset amnestic MCI (average age 59 + 4.5 years, 10 female)
and 23 healthy controls (average age 65 + 6.0 years, 12 female), both groups with a similar proportion of all three TSPO-
binding affinities. *C-ER176 total distribution volume (Vy), obtained with an arterial input function, was compared
across patients and controls using voxel-wise and region-wise analyses. In addition to inflammation PET, most
MCI patients had AB (n =23) and tau PET (n=21). For Ap and tau tracers, standard uptake value ratios were calculated
using cerebellar grey matter as region of reference. Regional correlations among the three tracers were determined.
Data were corrected for partial volume effect. Cognitive performance was studied with standard neuropsychological
tools.

In MCI caused by early-onset Alzheimer’s disease, there was inflammation in the default network, reaching statistical
significance in precuneus and lateral temporal and parietal association cortex bilaterally, and in the right amygdala.
Topographically, inflammation co-localized most strongly with tau (r=0.63 +0.24). This correlation was higher than
the co-localization of Ap with tau (r=0.55+0.25) and of inflammation with A (0.43 + 0.22). Inflammation co-localized
least with atrophy (-0.29 + 0.26). These regional correlations could be detected in participants with any of the three
rs6971 TSPO polymorphisms. Inflammation in Alzheimer’s disease-related regions correlated with impaired cognitive
scores.

Our data highlight the importance of inflammation, a potential therapeutic target, in the Alzheimer’s disease process.
Furthermore, they support the notion that, as shown in experimental tissue and animal models, the propagation of
tau in humans is associated with brain inflammation.
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Introduction

Microglia and astrocytes play a major role in the Alzheimer’s dis-
ease (AD) process™?; these cells interact with amyloid-p (Ap) and
phosphorylated tau and have multiple functions, including neuro-
toxicity and neuroprotection, at various stages of the disease and at
various brain locations.?* Microglia and astrocytes in human AD
have been usefully studied in post-mortem tissue® with anatomic
specificity but not allowing for longitudinal follow-up in the same
individual; related biomarkers have been studied in CSF® or plas-
ma,” yielding longitudinal data but no anatomic localization in
the brain. Providing both anatomic localization and the possibility
of longitudinal follow-up, PET has been used extensively to study
microglia and astrocytes in AD.®*°

Early-onset AD (EOAD), presenting before the age of 65, has been
observed to be a ‘purer’ form of the disease, with early-onset patients
having a higher tau burden and fewer co-pathologies than late-onset
patients.’®'® Therefore, investigating inflammation in a cohort of
EOAD patients could help elucidate more clearly the relationship be-
tween brain inflammation and the build-up of A and hyperpho-
sphorylated tau. Although some inflammation PET studies have
included patients with EOAD,**?° none has centred so far on the
study of inflammation in mild cognitive impairment (MCI) caused
by EOAD and its correlation with Ap and tau build-up in the brain.

The most common target of inflammation PET is an 18 kDa
translocator protein, TSPO, that reflects the regional density of
microglia, peripherally derived macrophages, astrocytes and endo-
thelial cells in the human brain.?>?* TSPO imaging has provided
highly anatomically specific information, not only in AD but also
in other neurodegenerative diseases, for instance showing a signal
in motor cortex in amyotrophic lateral sclerosis.?*?* The first gener-
ation TSPO tracer, ’C-PK11195, has a low binding affinity (BPnp),
which limits its sensitivity.>® Second-generation tracers have im-
proved binding affinities, evidencing that the rs6971 polymorphism
of the TSPO gene causes differences in the binding affinity of the tra-
cers, categorizing individuals as high-, mixed- or low-affinity bin-
ders. Most of the second generation TSPO PET tracers cannot be
used to image low-affinity binders, which account for approximate-
ly 10% of the population.?® Furthermore, for 'C-PBR28, the
most frequently used second generation tracer, the BPyp differs
markedly in high- as compared to mix-affinity binders (ratio
2.5),” prompting some researchers to study only high-affinity

binders,?®?° which make up only about 49% of predominantly

Caucasian populations.®® This serious shortcoming is addressed
by *C-ER176, a novel PET tracer with a high affinity for TSPO, allow-
ing for the robust imaging of even low-affinity binders.?>*"3? In a
previous study, we found the BPyp of 'C-ER176 to be more than
four times larger than that of *C-PBR28 for high-affinity binders
and more than nine times larger for mixed-affinity binders.*
However, the effectiveness of this tracer to study microglia and as-
trocytes in AD has not been determined. We hypothesized that *'C-
ER176 would allow for the detection of a TSPO signal in AD patients
with any variant of the rs6971 TSPO polymorphism.

Nomenclature related to microglia is in a state of flux. An expert
panel has suggested that authors define clearly how they use terms
related to microglia.>* The term ‘neuroinflammation’, commonly
used in reports of human AD,’ is now discouraged.® Since a more
convenient term is not yet universally accepted and the TSPO signal
does notreflect a single cell type, to denote the density of microglia,
macrophages, astrocytes and endothelial cells reflected by the
TSPO PET signal, we will use the term ‘inflammation.” With this
term, we do not intend to indicate that these cells are in a neuro-
toxic state, because the TSPO PET signal does not allow for the def-
inition of the state of microglia.”?* Additionally, when referencing
‘tau,’ it pertains to abnormal, hyperphosphorylated tau aggregates,
not the native tau protein.

To clarify the relationship in the brain among inflammation, at-
rophy, Ap and tau, we measured inflammation in a cohort of EOAD
patients using C-ER176 and an arterial input function. As at ad-
vanced stages of the disease the widespread pathology may ob-
scure on PET the topographic relationships among inflammation,
AB and tau, we chose a cohort of patients with MCI caused by
EOAD (MCI-EOAD).

Materials and methods

Participants (n =48) were recruited at the Houston Methodist Nantz
National Alzheimer Center and included 25 patients diagnosed
with MCI-EOAD (average age 59+4.5, 10 female) and, as controls,
23 cognitively unimpaired (CU) individuals (average age 65 + 6.0, 12
female) with similar sex distribution but slightly older than the pa-
tients (Table 1). MCI-EOAD diagnosis was based on clinical
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Table 1 Demographics and neuropsychological test performance
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MCI-EOAD CU

n=25 n=23 P-value
Female/male® 10/15 12/11 ns.
Age, years (mean + SD) 59.2+4.5 64.9+6.0 <0.01
Years of Education (mean + SD) 16.5+2.1 17.3+4.3 n.s.
MMSE (mean + SD) 220+4.6 29.3+1.2 <0.001
DemTect Total Score (mean + SD) 8.4+43 17.2+14 <0.001
DemTect Immediate Recall (mean + SD) 8.8+3.2 14.0+2.2 <0.001
DemTect Delayed Recall (mean + SD) 1.7+2.0 63+2.1 <0.001
Clock Drawing Test (mean + SD) 9.4+22 12.6+1.2 <0.001
ACE: Naming (mean + SD) 10.8+2.1 12.0+0.2 <0.05
AB PET (florbetaben/florbetapir/PIB) 21/1/1 Not performed -
8F-flortaucipir PET 21 Not performed -
TSPO high-/mixed-/low-affinity binders®® 12/8/5 9/10/4 n.s.

ACE = Addenbrooke’s Cognitive Examination; CU = cognitive unimpaired; MCI-EOAD = mild cognitive impairment caused by early-onset Alzheimer’s disease; MMSE =
Mini-Mental Status Examination; n.s. = no statistically significant differences; PIB = Pittsburgh compound B; SD = standard deviation; TSPO = translocator protein.

°No statistically significant differences between patients and controls, as assessed by chi-

*Determined by TSPO Ala147Thr (rs6971) polymorphism genotyping.

presentation, MRI and either a positive Ap (n=23) and tau (n=21) PET
or a fluorodeoxyglucose PET (n=1) or Ap/tau ratio in CSF (n=1) diag-
nostic of AD. All patients had a Clinical Dementia Rating (CDR)*
score of 0.5. Controls were considered cognitively unimpaired based
on clinical and neuropsychological screening, normal MRI and ab-
sence of neurological, psychiatric or other major medical illnesses.
To limit their radiation exposure, CU controls did not have AB or
tau imaging. Therefore, for group comparisons we selected 19 CU
participants (age 63 +7.5, 12 female) from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) studied with the same A PET tracer,
18F_florbetaben, and in the same scanner model as our patients, and
23 CU participants (age 62+6.4, 15 female) from in-house
Institutional Review Board-approved protocols who had undergone
18p-flortaucipir PET imaging.

For all 48 participants having inflammation imaging with **C-
ER176, the TSPO rs6971 polymorphism was determined using the
TagMan assay (Applied Biosystems). TSPO genotypes did not differ
statistically between patients and controls (Table 1). Procedures
were approved by the Methodist Hospital Research Institute
Committee on Human Research, and written informed consent
was obtained from all participants according to the Declaration of
Helsinki.

All 48 inflammation participants underwent an initial neuro-
psychological screening that included four measures (Table 1).
The Mini-Mental State Examination (MMSE)*® and DemTect®’ ex-
plored several cognitive domains, including verbal memory, execu-
tive function, attention and language. The Clock Drawing Test®®
was used to evaluate visuospatial constructional abilities. The
Addenbrooke’s Cognitive Examination® provided a measure of se-
manticimpairment, naming and comprehension. In addition to the
initial screening, 21 of 25 patients were further evaluated with the
neuropsychological battery of the National Alzheimer’s
Coordinating Center (NACC) Uniform Data Set (UDS v3.0),%° through
the Longitudinal Early-onset Alzheimer Disease Study (LEADS)*!
(Supplementary Table 1).

The 48 inflammation participants were imaged with the same 3T
Siemens Vida MRI scanner (Siemens Medical Solutions), except

squared test.

for eight participants imaged on a 3 T Philips Ingenia MRI scanner
(Philips Medical Systems) and three participants imaged on a 3T
Siemens Skrya scanner (Siemens Medical Solutions). The protocol
included a 3D T1-weighted sequence for cortical thickness mea-
surements and PET anatomical co-registration, tissue segmenta-
tion (grey and white matter along with CSF) and parcellation of
the regions of interest. The parameters for the T1-weighted se-
quence acquired had slight differences across scanners in flip an-
gle, as well as repetition time and echo time (Supplementary
Table 2). These differences are expected to have little or no effect
on the comparison of cortical thickness and none on the compari-
son of PET data across groups.

Cortical thickness was computed for the *'C-ER176 cohort with
the Freesurfer Software Package version 7 pipeline (Athinoula
A. Martinos Center for Biomedical Imaging, Boston). The technical
details have been described in detail.**** A Gaussian kernel of
10 mm full-width at half-maximum (FWHM) was applied to the
subjects’ cortical thickness maps before further analyses.
Parameters for the MRIs acquired to facilitate PET processing for
the *®F-florbetaben and '®F-flortaucipir CU control groups are de-
scribed in Supplementary Table 2.

11C-ER176, ®F-florbetaben and “®F-flortaucipir PET scans were per-
formed at the Houston Methodist Research Institute PET Core facil-
ity. Of the 25 MCI-EOAD patients, 21 underwent *®F-florbetaben and
8F-flortaucipir PET imaging through the LEADS study. One patient
had a *'C-PIB PET scan and a second patient a clinical **F-florbetapir
PET scan. Supplementary Table 2 lists participant scanner alloca-
tion, scanner resolution and other specifications. PET imaging reso-
lution was harmonized by applying a scanner-specific smoothing
filter.** Additional smoothing was applied to PET images from our
higher resolution scanners to lower their FWHM to the nominal
resolution of the GE Discovery scanner. Modelling the point spread
function (PSF) of our scanners as a Gaussian filter, further smooth-
ing gave a net FWHM by the following formula:

FWHM?,, = FWHM?, | + FWHM2.. (1)

additional

Setting FWHM,,; to the resolution of the GE Discovery scanner al-
lowed us to solve for the necessary additional smoothing kernel.
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This method gives similar results when applied to the scanners
measured experimentally for the ADNI project.** As in previous
studies using data from various scanners*® and considering the
preprocessing harmonization procedure described above, scanner
was not included as a covariate in the statistical analyses. The
number of scanners in this study compares favourably with the
number of scanners in ADNI*® or similar image databases.

Although **C-ER176, *®F-florbetaben and *®F-flortaucipir PET im-
aging acquisition and processing followed different pipelines, sev-
eral steps were common to the three tracers. Participants were
comfortably positioned on the scanner bed, with head movement
restricted by a thermoplastic mask. Before each PET scan, a low-
dose CT scan was acquired for attenuation correction. After PET ac-
quisition, motion correction and co-registration between PET and
MRI was performed with PMOD v.3.9 (PMOD Technologies LLC,
Zurich, Switzerland). *'C-ER176, *®F-florbetaben and *®F-flortaucipir
PET images were processed at both voxel and regional levels.

At the regional level, we followed two different procedures.
First, in order to determine the tau pathology spread of our
MCI-EOAD patients and the pattern of inflammation in the same
areas, we compared the spatial distribution of **C-ER176 and *€F-
flortaucipir through the Tau-PET Braak stages, as previously de-
scribed using the Desikan-Killiany-Tourville atlas segmentation.*”
We modified the method of Pascoal et al.,*® by combining Braak re-
gions I and 1II, and so we defined the following regions of interest
(ROIs): Braak I-II (transentorhinal, entorhinal and hippocampus);
Braak III (amygdala, parahippocampal gyrus, fusiform gyrus and
lingual gyrus); Braak IV (insula, inferior temporal, lateral temporal,
posterior cingulate and inferior parietal); Braak V (orbitofrontal, su-
perior temporal, inferior frontal, cuneus, anterior cingulate, supra-
marginal gyrus, lateral occipital, precuneus, superior parietal,
superior frontal and rostromedial frontal) and Braak VI (pericentral
and pericalcarine).

Second, to understand the relationship between inflammation,
AP and tau, ''C-ER176, ®F-florbetaben and ®F-flortaucipir scans
were segmented using a modified version of the Hammers’ probabil-
istic brain atlas,*® which provides a more anatomically detailed par-
cellation of the whole brain than the Braak regions. The original
Hammers’ atlas includes 83 brain regions. However, some of the ori-
ginal regions were merged to avoid including very small regions that
could lead to error in the analysis of PET data, with a relatively large
FWHM. We merged the three different anterior temporal lobe regions
from the Hammers’ atlas to one, named anterior temporal pole (ATP).
Parahippocampal and fusiform gyri were also merged (PhF). Finally,
the five different orbitofrontal gyri from the Hammers’ atlas were
also merged to one, named orbitofrontal cortex (OFC). This modified
version of the Hammers’ atlas with 71 regions was used to screen for
tracer differences between patients and controls across the entire
brain. For statistical comparisons and considering the neurobiology
of AD in EOAD, all non-cortical regions except amygdala and hippo-
campus were excluded from analysis, giving a total of 46 regions
compared across controls and patients. In an exploratory analysis,
prompted by the well-known AB pathology in the caudate of patients
with EOAD,° inflammation, volume, Ap and tau in the caudate nuclei
were compared between MCI-EOAD and CU participants independ-
ently from the previous ROI analysis.

Twenty-five MCI-EOAD patients and 23 CU controls had *'C-ER176
PET scans. Dynamic images were acquired starting immediately
after an automatic pump bolus injection of ~20 mCi *'C-ER176.
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Images were acquired for 90 min and binned in 27 frames (6
frames x 0.5 min, 3 frames x 1 min, 2 frames x 2 min, 16 frames x
5 min). Radial arterial blood samples were drawn manually at
15-s intervals for the first 2.5 min, then at 3, 4, 5, 6, 8, 10, 15, 20,
30, 40, 50, 60, 75 and 90 min. Radioactivity in whole blood and plas-
ma was measured by a gamma counter, and the parent concentra-
tion was obtained by high-performance liquid chromatography
from 10 plasma samples at 5, 10, 15, 20, 30, 40, 50, 60, 75 and
90 min. The measured fractions of the parent were fit to an ex-
tended Hill function®® via the curve fitting toolbox of MATLAB
(v.2023a, MathWorks, Natick, MA). Measured plasma activity was
then multiplied by the fit parent fraction to obtain the metabolite-
corrected arterial input function (AIF). The metabolite-corrected
AIF was fit to a tri-exponential function for use in kinetic modelling.
Free fraction in plasma (fp) was measured in duplicate for each par-
ticipant by an ultrafiltration technique and normalized by a com-
mon standard.>® Since fp was similar in controls (0.046 +0.014)
and patients (0.052 +0.015), **C-ER176 uptake was quantified using
total distribution volume (V1) as the primary outcome measure.

At the vozxel level, Vr parametric images were calculated using
the AIF with the Logan plot method implemented in the PXMOD
module of PMOD. Voxel-wise partial volume corrected (PVC) images
were obtained using the voxel-wise Geometric Transfer Method
(GTM) implemented in the PNEURO pipeline of PMOD 3.9, by using
all segmented brain regions and the background activity. Using the
PETsurfer pipeline implemented in Freesurfer 7,>® PVC corrected
PET images were sampled onto the Freesurfer cortical surface of
each subject. Individual surface maps were smoothed geodesically
with FWHM of 8 mm and resampled onto the fsaverage template.

At the regional level, PET time-activity curves (TACs) for
Tau-PET Braak ROIs were extracted and corrected for partial vol-
ume effect using the symmetric GTM method via the PETSurfer
tools.>® TACs for the modified Hammers’ atlas were extracted and
corrected for partial volume effect as described above.>® V1 values
were calculated using the AIF and the regional PVC corrected
TACs with the Logan plot method. Kinetic modelling was per-
formed using in-house MATLAB code available on our lab’s
GitHub page.

Twenty-three MCI-EOAD patients and 19 CU controls had A PET
scans using the tracers ®F-florbetaben (n=40), *C-PIB (n=1) and
8p-florbetapir (n=1). The *®F-florbetapir scan was performed for
clinical use, offsite, on a different scanner. Owing to the relatively
low quality of this scan, it was not included in correlation analyses
and only used for assessing the Ap status of the patient. *®F-florbe-
taben scans were acquired from 90 to 110 min in 4 x 5 min frames
after abolus injection of 8.1 + 10% mCi, and the *'C-PIB scan was ac-
quired from 50 to 70 min in 4 x 5 min frames after a bolus injection
of 21.3mCi.>**" The four frames were averaged using PMOD.
Standardized uptake value ratio (SUVR) values at the voxel and re-
gional level were calculated from concentration values using the
cerebellar grey matter as the reference region.

For voxelwise analyses, PVC corrected PET images were sampled
onto the Freesurfer cortical surface of each subject and re-sampled
onto the fsaverage template. Regional concentration values were
calculated for the modified Hammers’ atlas using the same proce-
dures as delineated above for **C-ER176 TAC extraction.

Centiloids for the MCI-EOAD patients were calculated following
published methods®®*’; all patients with Ap PET scans were deter-
mined to be Ap-positive with a centiloid value of at least 28.>®



Inflammation in MCI early-onset AD

Twenty-one MCI-EOAD patients and 23 CU controls had *®F-flortau-
cipir PET scans. *®F-flortaucipir images were acquired after a bolus
injection of 10+ 10% mCi from 80 to 100 min in 4 x 5 min frames.
The four frames were averaged using PMOD. SUVR values were cal-
culated from concentration values using the cerebellar grey matter
as the reference region. SUVR images were processed at the voxel
level identically to Ap images described above to obtain PVC cor-
rected images resampled onto fsaverage. Regional concentration
values were calculated for both atlases using the same procedures
as delineated above for ''C-ER176 TAC extraction.

Surface-based analyses®® were performed to compare ''C-ER176,
8F-florbetaben and *®F-flortaucipir uptake in MCI-EOAD patients
versus CU participants. Parametric images of the three tracers
were analysed using a vertex-wise ANOVA for the effect of clinical
status (MCI-EOAD versus CU). For *'C-ER176, TSPO genotype status
was used as a covariate. Similarly, differences in cortical thickness
between MCI-EOAD and CU participants were calculated using an
ANOVA for the effect of clinical status. Statistical significance was
corrected for multiple comparisons using the false discovery rate
(FDR) functionality provided by Freesurfer.

Toillustrate the brain topography of Ap and tau in the sample of
25 patients with MCI-EOAD, vertex-wise frequency maps were cre-
ated showing areas of the cerebral cortex with elevated *®F-florbe-
taben and ' F-flortaucipir uptake. MCI-EOAD patients’ surface
SUVR values were thresholded at each vertex of the fsaverage sur-
face. Frequency maps depict in each vertex the percentage of pa-
tients with uptake greater than the threshold value. Conservative
thresholds were chosen: 1.5 SUVR for *®F-florbetaben (correspond-
ing to a centiloid value of 75, https:/www.gaain.org/centiloid-
project) and 2.2 SUVR for *®F-flortaucipir.*®

Region-wise analyses were performed to compare 'C-ER176
and *®F-flortaucipir uptake between MCI-EOAD and CU participants
in the Tau-PET Braak-stage regions. Similarly, region-wise analyses
were performed to compare **C-ER176, *F-florbetaben and *®F-flor-
taucipir uptake between MCI-EOAD and CU participants in the
modified Hammers’ atlas. For both analyses, ANOVAs were calcu-
lated for the effect of clinical status (MCI-EOAD versus CU) to deter-
mine significant regional differences. TSPO genotype status was
included as a covariate for "'C-ER176 analysis. Region-wise ana-
lyses were corrected using the Holm-Bonferroni procedure with a
family-wise error (FWE) threshold of pgwe < 0.05. Effect size (partial
eta squared) and observed power were also calculated.

To determine inflammation, Af and tau in the caudate nucleus,
multivariate analyses of variance (MANOVA) were calculated with
group status (MCI-EOAD versus CU) as between-subject factor and
right and left caudate as within-subject factor for each tracer.
TSPO genotype was entered as a covariate for *’C-ER176. In the pres-
ence of significant main effects, follow-up univariate ANOVAs were
examined. Effect size (partial eta squared) and observed power
were also calculated.

Finally, regional volume was quantified using the PNEURO util-
ity of PMOD. The volume of each region of interest in the modified
Hammers’ atlas was calculated for the MCI-EOAD and CU partici-
pants who underwent *’C-ER176 and then normalized by the total
intracranial volume as calculated by Freesurfer. To obtain a nor-
malized measure of volume loss, ROI volumes for CU participants
were used to generate z-scores of the patients’ volumes for each re-
gion of the modified Hammers’ atlas.
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The regional co-localization among brain inflammation, Ap and
tau, as well as their relationship with atrophy in MCI-EOAD was
compared in 21 of 25 MCI-EOAD participants scanned with all three
PET tracers. Two distinct correlation analyses were conducted,
namely inter-subject and intra-subject analyses.

First, to assess regional co-localization at the group level, inter-
subject regional analyses were performed. Since the presence of
three distinct TSPO affinities for *C-ER176 precludes calculating
average regional inflammation values for the entire sample, for
each TSPO affinity group we calculated averages of inflammation
Vr, AB and tau SUVR, and volumetric z-scores for each of the
Hammers’ atlas cortical regions. Pearson correlations of the aver-
age values were calculated between inflammation and AB, inflam-
mation and tau, and AP and tau as well as all three PET tracers
with atrophy. Standardized data were shown with a linear fit to
graphically represent these correlations.

Second, while in AD both AB and tau localize mostly to brain
structures of the default network, the areas affected can vary mark-
edly across subjects.®” To account for this variability, an intra-
subject correlation method was implemented, precluding the
need to use the TSPO genotype as a covariate, and allowing us to con-
sider the differences in tracer relationships within each subject for
all three PET tracers. Using inflammation Vr, Ap and tau SUVR and
volumetric z-scores in the ROIs of the modified Hammers’ atlas, in-
dividual Pearson correlations were calculated between inflamma-
tion and AP, inflammation and tau, and Ap and tau, as well as all
three PET tracers with atrophy. The significance of each correlation
was assessed at P < 0.05 with FWE correction applied via the Holm-
Bonferroni procedure. Correlation coefficients were averaged
across all individuals and standard deviations were calculated.

To determine statistical significance of the pairwise correlations
among inflammation, AB and tau, correlation values were normal-
ized via the Fisher transformation and then compared via a paired
t-test. A similar method was applied to the correlations between in-
flammation, Ap and tau with volume. Significance of pairwise dif-
ferences between correlations were assessed at P <0.05 with FWE
correction applied via the Holm-Bonferroni procedure.

To assess whether localized inflammation predicts neuropsycho-
logical decline, for each region of the modified Hammers’ atlas,
we calculated a Pearson partial correlation between *'C-ER176 V¢
values and MMSE score, DemTect total score, as well as the imme-
diate and delayed recall sub-scores of the DemTect, with TSPO af-
finity as a covariate.

Results

MCI-EOAD and CU controls in the "'C-ER176 cohort did not differ in
sex (as assessed by a chi-squared test) or years of education (as as-
sessed by a t-test). CU controls were slightly older than MCI-EOAD
patients; however, this difference would be expected to blunt in-
flammation values in patients, since TSPO PET uptake increases
with age.” On neuropsychological evaluation, MCI-EOAD patients
were significantly cognitively impaired across all domains used to
screen for dementia, with the exception of language (Table 1), as
well as on multiple domains in the more extended neuropsycho-
logical assessment battery from the NACC UDS v3.0, consisting of
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measures of attention, processing speed, executive function, epi-
sodic memory and language (Supplementary Table 1).

Using ''C-ER176 PET, we were able to image participants with any
TSPO genotype and did not have to exclude or screen for enrolment
based on binding affinity (Fig. 1). As expected, V differed across the
three TSPO affinity groups (Supplementary Fig. 1). On surface-based
analyses, inflammation measured with *C-ER176 was elevated in
MCI-EOAD, specifically in the classical Alzheimer’s cortical areas,
many overlapping with the default mode network®? (Fig. 2A). In the
temporal lobe, the middle and inferior temporal gyri were particu-
larly affected, with relative preservation of the superior temporal
gyrus. Vertex-based cortical thickness group comparisons showed
atrophy of the well-known AD regions®® in the EOAD group (Fig. 2B).
Surface-based group analysis and the vertex-wise frequency map
showed elevated AB deposition in regions comprising the default
network but with more involvement of the frontal lobe than for
cortical atrophy (Fig. 2C and Supplementary Fig. 2A). The tau
surface-based group analysis (Fig. 2D) and frequency map
(Supplementary Fig. 2B) most closely resembled the topography of
inflammation and, particularly, cortical atrophy (Fig. 2A and B).
Similar topographic findings were derived from surface-based group

"C-ER176 HAB
56 y/o male

"C-ER176 MAB

62 y/o male

""C-ER176 LAB
52 y/o female

J. Appleton et al.

analyses for the three different PET tracers when the analyses were
not adjusted for partial volume effect (Supplementary Fig. 3).

The same regions shown to have increased inflammation by the
more anatomically granular vertex-wise analysis (Fig. 2A) were
shown to have significantly increased inflammation when parti-
tioned according to Tau-PET Braak staging, even after correction
for multiple comparisons (Fig. 3). Tau was widespread in the brain
of MCI-EOAD patients, with the highest effect size in Braak IV region,
F(1,42) =98.71, P <0.001 uncorrected, eta®=0.70, observed power =
1.00; ' C-ER176 uptake showed a similar pattern to tau accumulation
across Braak stages, with the highest effect size also in Braak IV re-
gion, F(1,44)=13.01, P<0.001 uncorrected, eta?=0.23, observed
power =0.94. Unlike tau, in Tau-PET Braak VI region, C-ER176
was not statistically significantly increased in MCI-EOAD, F(1,44) =
2.85, P=0.099 uncorrected, eta’?=0.06, observed power =0.38.
Similar results were observed when the inflammation and tau re-
gional group analyses were conducted without correcting the data
for partial volume effect (Supplementary Fig. 4).

Regardinginflammation in the regions of the more anatomically
detailed Hammers’s probabilistic atlas, 13 regions had increased in-
flammation in MCI-EOAD that was statistically significant even
after correction for multiple comparisons (Supplementary Fig. 5).
Those in both hemispheres included the middle frontal gyrus, su-
pramarginal gyrus, precuneus, middle and inferior temporal gyri
and posterior temporal region. The left posterior cingulate region,

Figure1 'C-ER176 PET in all three genotypes. Examples of *'C-ER176 signals in high- (HAB), mixed- (MAB) and low-affinity (LAB) binders from our mild
cognitive impairment group. Bars on the right provide the thresholds at which total distribution volume (V) values for each image are shown. The low-
affinity binder had posterior cortical atrophy, with greatest involvement of posterior temporal cortex. The uptake in thalamus and brainstem is also

present in normal controls. TSPO = translocator protein; y/o = years old.
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Figure 2 Inflammation, cortical thickness, amyloid-p and tau in mild cognitive impairment early-onset Alzheimer’s disease (MCI-EOAD).
(A) Surface-based ANCOVA comparing *'C-ER176 uptake in 25 MCI-EOAD patients and 23 cognitively unimpaired (CU) controls. Coloured vertices
on the cortical surface map indicate areas where MCI-EOAD patients had greater inflammation than controls. (B) Cortical thickness maps comparing
25 MCI-EOAD subjects and 23 CU controls. Coloured vertices indicate areas where patients showed greater cortical atrophy than controls.
(C) Surface-based ANOVA comparing *F-florbetaben uptake in 21 MCI-EOAD patients and 19 CU controls. Coloured vertices on the cortical surface
map indicate areas where MCI-EOAD patients had greater amyloid-p (Ap) than controls. (D) Surface-based ANOVA comparing *F-flortaucipir uptake
in 21 MCI-EOAD patients and 23 CU controls. Coloured vertices on the cortical surface map indicate areas where MCI-EOAD patients had greater tau

than controls. FDR = false discovery rate.

left lateral occipital gyri and right amygdala also had statistically
significant increased inflammation. Without correcting for partial
volume effect, a similar pattern was seen but did not survive FWE
correction. To provide less restricted data, the results of region-
wise ANOVAs, uncorrected for multiple comparisons, for inflam-
mation *C-ER176 Vr and tau *®F-flortaucipir SUVR are shown in
Supplementary Table 3, with and without correction for partial vol-
ume effect. Both tracers had increased uptake (uncorrected P < 0.05)
across the entire cortex, hippocampus and amygdala. For inflam-
mation PET, the difference did not reach uncorrected P <0.05 in
the precentral cortex, subgenual, presubgenual and subcallosal
cingulate bilaterally, and the right anterior cingulate. For tau PET,
the difference did not reach uncorrected P < 0.05 in only the sub-
genual, presubgenual and subcallosal cingulate region bilaterally.
Similar statistical significance patterns of global uptake were ob-
served for both PETs, inflammation and tau, when not accounting
for partial volume effect with only minor exceptions: inflammation
PET did also not reach statistical significance in the left anterior cin-
gulum and the left postcentral cortex, while tau PET exhibited stat-
istical significance bilaterally in the subgenual, presubgenual and
subcallosal cingulate region.

The caudate nucleus, which had marked AB deposition in this
sample [F(2,37) =41.62, P < 0.001 uncorrected, eta®=0.69, observed

power = 1.00], showed to a much lesser extent increased inflamma-
tion [F(2,43)=3.79, P=0.030 uncorrected, eta®=0.15, observed
power =0.66] and tau [F(2,41) =9.60, P <0.001 uncorrected, eta®=
0.32, observed power = 0.97] (Supplementary Fig. 6).

Inflammation, atrophy, amyloid-p and tau:
correlations of their brain locations in MCI-EOAD

Inter-subject regional correlations for each of the three TSPO affin-
ities are shown in Fig. 4A. For all three affinities, the correlation be-
tween inflammation *'C-ER176 V¢ and tau ‘®F-flortaucipir SUVR
was highest of all the correlations among the PET tracers or with
volume.

Intra-subject correlations for each MCI-EOAD participant across
all cortical regions plus amygdala and hippocampus, between *'C-
ER176 V-, ®F-florbetaben SUVR, ®F-flortaucipir and volume z-scores
are presented in Supplementary Fig. 7A and B, respectively, with and
without partial volume effect correction. A matrix of averages of
intra-subject correlations between inflammation, atrophy, Ap and
tau is presented in Fig. 4C. Of the three average PET tracer correla-
tions calculated (inflammation and tau; inflammation and Af; and
tau and Ap), the average correlation between inflammation and
tau (r=0.63+0.24) was highest, followed by Ap and tau (r=0.55+
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Figure 3 Inflammation and tau in the Tau-PET Braak-stage regions. In tau-PET Braak regions, modified from Pascoal et al.,*® box and whisker plots
show values of **C-ER176 (top) and *®F-flortaucipir (bottom) uptake in cognitively unimpaired (CU) controls and mild cognitive impairment early-onset
Alzheimer’s disease (MCI-EOAD). P-values for group comparisons are adjusted using family-wise error (FWE) correction. SUVR = standardized uptake

value ratio; V= total distribution volume.

0.25) and inflammation and AP (r=0.43 +0.22). PET tracer uptakes
correlated also with MRI cortical volume (Fig. 4C). Highest was the
correlation between tau and volume (r = —0.52 + 0.21), followed by in-
flammation and volume (r=-0.29 + 0.26) and AB and volume (r=
—0.13 + 0.29). Across subjects, all significant correlations were nega-
tive, except for one subject with a positive Ap versus volume correl-
ation and one subject with a positive inflammation versus volume
correlation.

Inflammation-tau correlations were statistically significantly
stronger than Ap-tau and inflammation-Ap correlations (Fig. 4B).
Tau-volume correlations were stronger than inflammation-
atrophy, and inflammation-volume correlations surpassed Ap-
volume correlations (Fig. 4B).

Inflammation and neuropsychological test score
correlations

In our group of 48 participants (25 MCI-EOAD and 23 CU), *'C-
ER176 uptake significantly correlated with MMSE score, total
DemTect score and the immediate and delayed recall sub-scores
of the DemTect (Fig. 5). Correlations were strongest with the
DemTect and the correlated brain regions corresponded to those
known to be affected in AD (Fig. 5B). Since our patients with
MCI-EOAD were at a similar level of impairment (CDR of 0.5), we
did not find statistically significant correlations when excluding
CU participants. However, within the MCI-EOAD group and ex-
cluding CU participants, the same anatomic pattern was found
between inflammation and the MMSE and DemTect scores
(Fig. 5A).

Discussion

Our study demonstrated the high anatomic specificity of inflamma-
tion in MCI-EOAD (Fig. 2). Most affected areas corresponded to

postcentral components of the default network,** tracking well
the Alzheimer’s brain topography signature.®*®® In addition, our
study showed for the first time the usefulness of **C-ER176 to meas-
ure robustly brain inflammation in AD. ''C-ER176 facilitates the
study of inflammation, since it precludes the need to screen for en-
rolment based on binding affinity and to exclude low-affinity bin-
ders (Figs 1 and 4). Finally, our study showed that the brain
localization of inflammation had a closer correlation with the local-
ization of tau than with that of AB, and this correlation was even
higher than the correlation between Ap and tau brain topography.

Our patient sample had the advantage of being quite homoge-
neous, composed only of EOAD, likely to harbour few co-
pathologies,’*? and with a CDR=0.5 and therefore in the MCI
cognitive stage. However, as shown for other EOAD samples, >¢* i
aging tau staging showed most of our patients to be at the Braak V
stage®® (Fig. 3), thus having already advanced tau pathology despite
their relatively spared cognitive abilities. The brain topography of
both AB and tau (Fig. 2C and D) in our sample, which was drawn
from the LEADS study,*" reproduced closely similar topography in
the entire baseline EOAD LEADS cohort, composed of 243 EOAD
patients.*®

Although to limit participant radiation exposure, we did not
compare head-to-head two TSPO PET tracers, as we have done
in previous studies,**®” regions with significantly increased
11C-ER176 signal compared favourably with those reported in AD
using other recent tracers.®®%%7%’! As with other TSPO tracers, in-
cluding **-C-PK11195,% binding was influenced by the TSPO poly-
morphism. However, the high binding affinity of 'C-ER176
allowed us to study particularly well the topography of inflamma-
tion in EOAD, as well as its relationship with the topography of vol-
ume loss, Af and tau in the brain.

Mostly from rodent data, the TSPO signal has been thought to re-
flect ‘activated’ microglia,?®”? a construct widely used in neuropathol-
ogy.”® Recent data suggest that, in humans, TSPO PET does not reflect

m-
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Figure 4 Correlations across regional inflammation, cortical thickness, amyloid-p and tau. (A) Scatter plots showing the pairwise relationships be-
tween inflammation, amyloid-B (AB) and tau PETSs (top), as well as each PET tracer’s relationships with volume (bottom) across all three TSPO affinity
groups. Data are standardized so that regression slopes equal correlation coefficients. Inflammation and tau exhibit the strongest of all pairwise cor-
relations within each affinity. (B) Box plots display Pearson correlation values for each pairwise PET correlation as well as each PET tracer’s correlation
with volume on an individual subject basis. P-values for comparisons are family-wise error (FWE)-corrected. (C) The matrix indicates the average, de-
noted as rayg, of all single Pearson intra-individual correlation values in Mild Cognitive Impairment caused by early-onset Alzheimer’s disease
(MCI-EOAD) subjects. Among individual FWE-corrected correlations, inflammation and tau were significant in 16/21 subjects, Ap and tau in 15/21, in-
flammation and Ap in 11/22, tau and volume in 13/21, inflammation and volume in 7/25 and Ap and volume in 2/22. ER176 = *1C-ER176 inflammation

PET; SUVR = standardized uptake value ratio.

‘activation’ but rather the regional density of microglia and migrated
macrophages, both critical components of the brain inflammatory re-
sponse.?! The striking topographic selectivity of increased TSPO sig-
nal in our study, involving particularly the association cortex of
parietal and temporal lobes, while sparing primary cortex (sensory-
motor and visual, Fig. 2; primary auditory, not shown) highlights the

usefulness of TSPO PET to study a neurobiologically relevant compo-
nentof AD, in this case inflammation. Our study indicates that regions
of the brain known to be selectively involved by the AD process’* have
increased inflammation, which, at the cellular level, may reflect
microglial proliferation, macrophage migration from the blood and,
possibly, changes in astrocytes and endothelial cells,?? all of which
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Figure 5 Correlation between the topography of *'C-ER176 PET inflammation uptake and neuropsychological scores. (A) Maps show the Pearson cor-
relation coefficients between inflammation in Hammers’ atlas regions and cognitive scores from the DemTect and Mini-Mental Status Examination
(MMSE) in the mild cognitive impairment caused by early-onset Alzheimer’s disease (MCI-EOAD) sample, not including cognitively unimpaired (CU)
controls. No correlations were statistically significant. (B) Maps show uncorrected P-values for Hammer's atlas regions with statistically significant
Pearson correlations (P <0.001) between inflammation and the neuropsychological scores on DemTect, MMSE and immediate and delayed recall
sub-tests of the DemTect in the entire sample, including patients and controls. FWE = family-wise error.

are neuropathologically prominent in AD-involved regions but with
regional variability, as are Ap and tau density.”

Unlike in a study of semantic dementia, where inflammation
peaked at the margin between thinned and volume-normal cortex,
perhaps suggesting a role for inflammation in damage propaga-
tion,”® in this MCI-EOAD sample, inflammation peaked at the re-
gions with most atrophy (Fig. 2A and B). Furthermore, in most
subjects, there was a negative correlation between inflammation
and cortical thickness. Remarkably, in one single subject, with an
MMSE of 30 and therefore at a very early disease stage, the correl-
ation was in the opposite direction, perhaps suggesting that in-
creased inflammation may cause transient cortical swelling, as
found at early stages of autosomal-dominant AD.”®

In our study, inflammation correlated better with tau than with
AB, as described at post-mortem’” and in previous TSPO PET studies,
particularly those performed at more advanced stages of the

disease.®>?® Our sample was at the imaging tau Braak stage V. At
this stage, we found the typical partial disconnect between Ap and
tau topography.'® Ap was markedly increased in the entire default
and related networks,®* including frontal cortex (Fig. 2C) and in
the caudate nucleus (Supplementary Fig. 6), which is positively
connected to the cortical default network.”® In contrast, although
tau was widely increased, including in the frontal lobes, the
highest density was in post-Rolandic regions (Fig. 2D), with smaller
effect sizes in frontal lobes (Fig. 2D) and caudate nucleus
(Supplementary Fig. 6). It is likely that these different brain regions
have different susceptibilities to either AB deposition or to the neur-
onal changes leading to tau buildup.”® Different susceptibilities
might be phylogenetic in origin, as the post-Rolandic component
of the default network, where tau tends to accumulate, is more
closely shared by humans and non-human primates than the anter-
ior component.®®®' Not only topography differs. While AB
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aggregates, as detectable by current PET tracers, seem to have wide-
spread simultaneous accumulation throughout the brain,®%* tau
spreads over years along natural brain networks.®*#° Another factor
to consider when trying to explain the relative disconnect between
the anatomic distribution of Ap and tau at this stage of AD is the role
of microglia.

The close topographic relationship of inflammation to tau in our
study (Fig. 2) supports the concept that microglia are closely asso-
ciated with tau build-up.?® In experimental animal models, micro-
glia contribute to tau spreading from sick to healthy neurons,®
particularly in the presence of increased Af,*” a well-known risk
for tau spreading.®®#° A microglial role in humans is suggested by
the association of tau with increased inflammation documented
in this and previous PET studies.®>?®® Since microglia structure
and function vary across brain regions, even in the healthy brain,*
some of the topographic distribution of tau might be related to
topographic microglia variability.

If increased inflammation predisposes to tau build-up, brain re-
gions may be postulated that have increased inflammation but
where tau is not yet present. However, our study lacked longitudin-
al data, and in our cross-sectional study, we did not find regions
where inflammation was significantly increased but tau was nor-
mal, which might have suggested that inflammation predisposes
to subsequent tau build-up. It is possible that this potential finding
was masked by TSPO imaging having greater variability among CU
controls than tau imaging (Fig. 3), thus blunting TSPO signal signifi-
cance in MCI-EOAD.

The lack of cellular specificity of TSPO, which is expressed not
only by microglia but also by peripherally derived macrophages, as-
trocytes and endothelial cells, prevented us from defining the top-
ography and association with A and tau of each of these cell types.
However, as in AD, their topographic increase is interrelated®’;
areas of brain inflammation may be easier to detect with a TSPO
tracer than with a more selective microglial marker. For instance,
while an abnormal signal was detected in the motor cortex of pa-
tients with amyotrophic lateral sclerosis using TSPO tracers,?*?
in the same patients, no signal was detected with a more cell-
selective microglial purine receptor P2X7 tracer.?*

Given that the TSPO tracer we used, *C-ER176, is still novel and
that the entire brain has TSPO expressing cells, we did not use a refer-
ence region to calculate BPyp but instead used an arterial input func-
tion,?? which requires obtaining serial blood samples from a catheter
in the radial artery, a procedure that is more cumbersome and inva-
sive than used for reference-region based PET. Nonetheless, the cere-
bellum, with little or no inflammation, particularly at early AD stages,
has been used or suggested as a reference region for TSPO PET in
AD.**®° Other suggested pseudo-reference regions have included
the caudate nucleus® and Braak region VL. Finally, the use of a PET
tracer label with the *C isotope requires the availability of a cyclotron
at the site of use, because ''C has too short a half-life to be shipped. On
the positive side, tracers labelled with *'C limit radiation exposure to
the participants and allow for two different PET studies to be per-
formed on the same day.

In summary, by using a sample with a purer form of AD and ata
similar stage of the disease, our study provides statistically robust
information on the topography of inflammation in human AD.
Since the behaviour of microglia has been shown to differ greatly
in humans as compared to rodent models of AD,”” our study contri-
butes to the pool of information essential for the design and
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execution of AD clinical trials evaluating available medications
that target brain inflammation.*®
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