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A B S T R A C T   

CNS inflammation is a key factor in Alzheimer’s Disease (AD), but its relation to pathological Aβ, tau, and APOE4 
is poorly understood, particularly prior to the onset of cognitive symptoms. To better characterize early re-
lationships between inflammation, APOE4, and AD pathology, we assessed correlations between cerebrospinal 
fluid (CSF) inflammatory markers and brain levels of Aβ and tau in cognitively normal older adults. 

Each participant received a lumbar puncture to collect and quantify CSF levels of TNFα, IL-6, IL-8, and IL-10, a 
T1-weighted MRI, and PET scanning with [18F]flortaucipir (FTP; n = 57), which binds to tau tangles and/or [18F] 
florbetapir (FBP; n = 58), which binds to Aβ. Parallel voxelwise regressions assessed relationships between each 
CSF inflammatory marker and FTP and FBP SUVR, as well as APOE4*CSF inflammation interactions. 

Unexpectedly, we detected significant negative associations between regional Aβ and tau PET uptake and CSF 
inflammatory markers. For Aβ PET, we detected negative associations with CSF IL-6 and IL-8 in regions known to 
show early accumulation of Aβ (i.e. lateral and medial frontal lobes). For tau PET, negative relationships were 
observed with CSF TNFα and IL-8, predominantly in regions known to exhibit early tau accumulation (i.e. medial 
temporal lobe). In subsequent analyses, significant interactions between APOE4 status and IL-8 on Aβ and tau 
PET levels were observed in spatially distinct regions from those showing CSF–Aβ/tau relationships. 

Results from the current cross-sectional study support previous findings that neuroinflammation may be 
protective against AD pathology at a given stage of the disease, and extend these findings to a cognitively normal 
aging population. This study provides new insight into a dynamic relationship between neuroinflammation and 
AD pathology and may have implications for whom and when neuroinflammatory therapies may be appropriate.   

1. Introduction 

Along with amyloid-β (Aβ) plaques and hyperphosphorylated tau 
tangles, the hallmark pathological features of Alzheimer’s disease (AD), 
inflammation of the CNS has become increasingly recognized as a key 
factor in AD. Post-mortem and cerebrospinal fluid (CSF) markers of 
activated microglia and astrocytes are elevated in AD patients (Hop-
perton et al., 2018; Nordengen et al., 2019; Taipa et al., 2018). Activated 
glial cells are often colocalized with amyloid and tau in post-mortem 

tissue and AD models (Nilson et al., 2017; Stalder et al., 1999), as well 
as in in vivo positron emission tomography (PET) studies targeting the 
translocator protein (TSPO; Dani et al., 2018; Fan et al., 2017b; Hamelin 
et al., 2016; Knezevic et al., 2018; Parbo et al., 2017), which is a marker 
of activated glial cells. Furthermore, CSF markers of activated microglia 
are positively associated with CSF levels of phosphorylated tau (p-tau) 
(Janelidze et al., 2018), and preclinical data suggests microglia can 
drive pathological spreading of tau (Maphis et al., 2015). However, 
despite accumulating evidence that glial activation actively contributes 
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to AD pathology at some point during the course of disease progression, 
there is also evidence suggesting that glial activation may be protective 
at certain disease stages (Fan et al., 2017b; Hamelin et al., 2016). These 
combined studies indicate that the involvement of neuroinflammation in 
AD is complex and dynamic, emphasizing the need for further research 
into inflammation at different timepoints. 

One of the most commonly used methods to assess in vivo levels of 
glial activation is quantification of CSF inflammatory cytokines, such as 
IL-6, IL-8, TNFα, and IL-10, which are dysregulated in AD (Brosseron 
et al., 2014; Buchhave et al., 2010; Lue et al., 2001; Tarkowski et al., 
2003). In response to glial activation, pro-inflammatory cytokines IL-6, 
IL-8, and TNFα are robustly released (Ehrlich et al., 1998; Olson and 
Miller, 2004), while increases in anti-inflammatory IL-10 occur 
secondarily (Burmeister and Marriott, 2018). In the brains of AD pa-
tients, elevated IL-6, IL-8, and TNFα levels are observed post-mortem 
(Ashutosh et al., 2011; Wood et al., 1993; Zhao et al., 2003) and are 
found in close proximity to amyloid plaques (Bauer et al., 1991; Dickson, 
1997; Hüll et al., 1996; Xia et al., 1997). In vitro studies show that Aβ 
and tau exposure can increase release of IL-6, IL-8, and TNFα (Kovac 
et al., 2011; Lue et al., 2001). This body of work highlights the close 
relationship between inflammatory factors and AD pathology, but a 
definitive directional relationship is yet to be established. Generally, 
inflammatory processes are often thought to be deleterious and 
contribute to pathological aging and AD. This is supported by studies 
showing that IL-6 and TNFα induce expression of the amyloid precursor 
protein (Del Bo et al., 1995; Sommer et al., 2009). Two recent studies 
showed positive associations between several CSF inflammatory 
markers and levels of AD-related proteins from CSF (e.g. p-tau) in 
asymptomatic older adults (Bettcher et al., 2018) and in those with mild 
cognitive impairment and clinical AD (Brosseron et al., 2018). Positive 
correlations with CSF inflammatory markers were predominantly seen 
for p-tau, but Bettcher et al. did observe a counterintuitive positive as-
sociation between CSF levels of IL-8 and Aβ42, which was suggested to 
reflect an initial increase in CSF Aβ42 prior to the decrease resulting 
from brain Aβ accumulation. Conversely, another study reported nega-
tive associations between CSF levels of TNFα and CSF p-tau (Tarkowski 
et al., 1999). The cumulative evidence suggests that while inflammation 
may contribute to and exacerbate pathological processes in aging and 
AD, there may also be circumstances in which inflammatory responses 
are protective. Therefore, a better understanding of associations be-
tween CSF inflammatory levels and early regional accumulation of 
amyloid and tau measured with positron emission tomography (PET) 
could help elucidate the role of neuroinflammation in aging and AD. 

An additional factor, apolipoprotein E (APOE), is poised at the nexus 
of inflammation and AD pathology. The E4 variant of the APOE4 gene 
represents the highest genetic risk factor for sporadic AD (Corder et al., 
1993). It has been linked to increased deposition and reduced clearance 
of Aβ aggregates (Kloske and Wilcock, 2020; Ohm et al., 1995), 
enhanced tau pathology in a mouse tauopathy model (Shi et al., 2017) 
and in human subjects (Ohm et al., 1995; Therriault et al., 2020), and 
elevated release of pro-inflammatory cytokines such as IL-6, IL-8, and 
TNFα (Fan et al., 2017a; Gale et al., 2014; Ophir et al., 2005). While it is 
possible APOE4 exerts these effects through independent pathways 
affecting levels of Aβ, tau and inflammatory cytokine, it is also likely 
that these pathways interact. 

In order to assess early relationships between neuroinflammation 
and amyloid and tau levels, we conducted a study in cognitively normal 
older adults, comparing CSF inflammatory markers to brain PET amy-
loid and tau levels. Based on a large body of literature suggesting neu-
roinflammation contributes to AD pathology, we hypothesized that early 
neuroinflammation would be associated with increased brain deposition 
of Aβ and tau, and that this association would be stronger in APOE4 
carriers. 

2. Materials and methods 

2.1. Participants 

Seventy-three cognitively normal older adult participants (aged 49 – 
85) were recruited through the Knight Alzheimer’s Disease Research 
Center at Washington University at St. Louis. All study procedures were 
approved by the local Institutional Review Board and performed in 
accordance with the 1964 Declaration of Helsinki. Informed consent was 
obtained from all participants before study enrollment. Clinical diag-
nosis for each participant was based on standard criteria incorporated in 
the Uniform Data Set (Morris et al., 2006). Inclusion in the study was 
restricted to participants who 1) demonstrated normal cognition, as 
determined by clinician assessment, a global Clinical Dementia Rating 
score of 0, and neuropsychological testing within a normal range; 2) 
received a lumbar puncture to collect cerebrospinal fluid (CSF); 3) 
received a T1-weighted MRI; and 4) received PET scanning with [18F] 
florbetapir (FBP; n = 58), which binds to Aβ plaques and /or [18F]flor-
taucipir (FTP; n = 57), which binds to tau tangles. All PET imaging 
sessions were conducted within one year of lumbar puncture (mean time 
difference ± SD = 4.59 ± 4.7 months). 

2.2. Cerebrospinal fluid biomarkers 

A Meso Scale Discovery (MSD) multiplex assay was used to deter-
mine CSF levels of tumor necrosis factor alpha (TNFα) and interleukin-6 
(IL-6), IL-8, and IL-10 (catalog no. K15049G, MSD, Rockville, MD). An 
MSD multiplex assay was used to determine CSF levels of Aβ42 (catalog 
no. K15200E, MSD, Rockville, MD). An enzyme-linked immunosorbent 
assay was used to determine CSF levels of phosphorylated tau (pT181) 
(catalog no. 81581, Innotest, Fujirebio US, Inc., Malvern, PA). 

2.3. APOE genotyping 

APOE genotyping was performed as described in Nation et al. (2019). 
Participants with at least one copy of the E4 allele were considered 
APOE4 carriers. There were no E4 homozygous carriers. 

2.4. Image acquisition 

2.4.1. MRI 
Structural T1-weighted MR images were acquired either on a 

Siemens Biograph mMR (n = 59) or a Siemens 3 T TrioTim (n = 14) 
using a magnetization prepared rapid acquisition gradient echo 
(MPRAGE) sequence with the following parameters: repetition time/ 
echo time 2300/2.95 ms, in-plane resolution 240 × 256 mm, 176 slices, 
1.2 mm slick thickness. 

2.4.2. PET 
[18F]florbetapir (FBP) PET scans were acquired on a Siemens Bio-

graph mMR scanner. Scans were initiated with IV injection of 9.97 ±
0.70 mCi FBP and 4 × 5-minute frames were acquired from 50 to 70 min 
post-injection. [18F]flortaucipr (FTP) PET scans were acquired on a 
Siemens Biograph mMR scanner. Scans were initiated with IV injection 
of 8.89 ± 0.77 mCi FTP and 6 × 5-minute frames were acquired from 75 
to 105 min post-injection. 

2.5. Data processing 

All data processing was performed using an automated in-house 
processing pipeline as detailed below. 

2.5.1. T1 MRI 
A sample-specific MR template was created using the Advanced 

Normalization Tools (ANTs) package template building tool (Avants 
et al., 2011, 2010). Each participants’ T1 image was processed with 
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FreeSurfer v6.0.0 (https://surfer.nmr.mgh.harvard.edu) to generate 
subject-specific regions of interest (ROIs). 

2.5.2. PET 
Dynamic FBP and FTP images were motion corrected by aligning 

each frame to an average image. Motion-corrected PET frames were then 
averaged, coregistered to the T1 image, moved into template space, and 
smoothed with an 8 mm Gaussian kernel. To create reference regions, 
bilateral cerebellar gray and white matter labels from FreeSurfer were 
combined and eroded by 1 voxel to reduce partial volume effects (PVE). 
For FBP data, whole cerebellum was used as a reference region. For FTP 
data, inferior cerebellar gray matter was used as a reference region 
(Baker et al., 2017). Cerebellar segmentation was performed with SUIT 
(http://www.diedrichsenlab.org/imaging/suit.htm), and dorsal regions 
were removed from the cerebellar ROI. Average PET signal was 
extracted from reference ROIs in native PET space. Parametric FBP and 
FTP SUVR images were created by dividing PET signal in each voxel by 
the average signal in the respective reference regions. To characterize 
general levels of PET binding, composite ROIs were created. For FBP, the 
composite ROI consisted of frontal, parietal, lateral temporal, and 
cingulate cortices (Landau and Jagust, 2015). For FTP, the composite 
ROIs consisted of Braak I-II and Braak III-IV regions (Baker et al., 2017; 
Schöll et al., 2016). 

2.6. Statistical analyses 

Differences in subject characteristics between APOE4 carriers and 
non-carriers were assessed with independent samples t-tests. 

To determine associations between brain levels of Aβ/tau and CSF 
inflammatory markers, we performed parallel voxelwise linear re-
gressions between FBP/FTP SUVR images and CSF TNFα, IL-6, IL-8, and 
IL-10 using Statistical Parametric Mapping (SPM12, Wellcome Trust 
Center for Neuroimaging). All analyses were spatially restricted with a 
gray matter mask, obtained by segmentation of the MRI template. Age, 
sex, and APOE4 status were included as covariates. Statistical signifi-
cance was determined with a voxelwise threshold of p < 0.001, uncor-
rected, with a cluster size threshold of k > 100 voxels. To assess the 
effect of APOE4 status on relationships between Aβ/tau and CSF 
inflammation, we conducted parallel voxelwise linear regressions 
identical to those described above, with the addition of an APOE4*CSF 
inflammation interaction term. 

Secondary voxelwise analyses were conducted to assess whether Aβ/ 
tau relationships with CSF inflammation existed independently of the 
other pathology, and to determine if PET – CSF relationships were 
influenced by gray matter volume. Therefore, average FBP/FTP SUVR 
were extracted from significant clusters in all voxelwise partial corre-
lations. In order to reduce the number of ROIs for multiple comparisons, 
bilateral clusters and clusters within the same anatomic region (e.g. left 
and right inferior parietal lobe [IPL]) were combined into one ROI when 
more than 4 clusters were present. To correct for potential confounding 
effects of atrophy, average gray matter volume was extracted from each 
ROI by moving the ROI from template space into subject space and 
multiplying with the gray matter probability from SPM segmentation. 
Partial correlations were performed between FBP SUVR and CSF in-
flammatory markers including CSF p-tau and gray matter volume as 
covariates, and between FTP SUVR and CSF inflammatory markers 
including CSF Aβ42 and gray matter volume as covariates. 

The FTP tracer exhibits high uptake in the choroid plexus (CP), a 
structure adjacent to the hippocampus, which may reflect off-target 
binding (Marquié et al., 2017). To correct for this, we employed a 
regression-based approach (Lee et al., 2018; Wang et al., 2016) for re-
gions showing significant tau – CSF inflammation relationships that 
were directly adjacent to the CP. CP SUVR was extracted using the 
FreeSurfer CP segmentation as a mask. Partial correlations correcting for 
CP SUVR, age, sex, and APOE4 status were performed between FTP 
SUVR in CP-adjacent regions and CSF inflammatory markers. Statistical 

analyses were performed with SPSS. 

3. Results 

3.1. Participants 

Demographic and study outcome variables for all participants are 
displayed in Table 1. APOE4 carriers exhibited higher composite FBP 
SUVR (p = 0.023) and lower CSF Aβ42 levels (p = 0.011) compared to 
non-carriers, but no significant differences in any other variable. 

3.2. Associations between Aβ, tau, and neuroinflammation 

3.2.1. Aβ is negatively correlated with CSF inflammatory markers 
Contrary to our hypothesis, Aβ PET signal was negatively correlated 

with CSF markers of neuroinflammation. For IL-6, significant negative 
IL-6 – FBP SUVR associations were observed in several cortical regions, 
including prefrontal cortex (PFC), supramarginal gyrus (SMG), and 
precentral/postcentral gyri (Fig. 1A). For IL-8, significant negative IL-8 – 
FBP SUVR relationships were observed mainly in frontal regions, e.g. 
dorsolateral prefrontal cortex (dlPFC), inferior frontal gyrus (IFG), and 
in insula and inferior parietal lobe (IPL; Fig. 1B). There were no signif-
icant negative correlations between TNFα or IL-10 and Aβ PET, and no 
significant positive correlations for any CSF inflammatory marker and 
Aβ PET. 

In secondary analyses including CSF p-tau and gray matter volume as 
covariates to control for possible effects of tau pathology and gray 
matter atrophy, negative associations between IL and 6 and FBP SUVR 
observed in the primary analysis remained highly significant (r’s <
− 0.484, p’s < 0.001). Negative correlations between IL-8 and FBP SUVR 
also remained highly significant (r’s < − 0.449, p’s < 0.001), indicating 
that associations between tau PET levels and pro-inflammatory cyto-
kines were not influenced by CSF p-tau or atrophy. 

3.2.2. Tau is negatively correlated with CSF inflammatory markers 
Similar to observed relationships between Aβ PET uptake and CSF 

inflammatory markers, tau PET signal was negatively correlated with 
CSF markers of neuroinflammation. For TNFα, significant negative as-
sociations with FTP SUVR were observed in several cortical and 
subcortical structures, including bilateral medial temporal lobe (MTL; 
hippocampus and amygdala), entorhinal cortex (EC), inferior/middle 
temporal gyri (ITG/MTG; Fig. 2A). For IL-8, significant negative asso-
ciations with FTP SUVR were observed in the bilateral hippocampus 
(Fig. 2B). There were no significant negative correlations between IL-6 
or IL-10 and tau PET, and no significant positive correlations for any 

Table 1 
Subject characteristics. Mean ± SD or frequency (%) are displayed for each 
variable. *Significant difference between APOE4 carriers and non-carriers at p <
0.05 Data available for all subjects unless specified in parentheses.  

Participant 
characteristics 

Whole sample 
(n = 73) 

APOE4 carriers 
(n = 24) 

APOE4 non- 
carriers (n = 49) 

Age 67.1 ± 7.9 65.5 ± 8.5 67.8 ± 7.6 
Sex 46F (63%) 14 (58%) 32 (65%) 
Education (yrs) 16.9 ± 2.6 16.8 ± 2.5 16.9 ± 2.6 
FBP composite SUVR 

(n = 58)* 
0.96 ± 0.1 1.01 ± 0.2 0.94 ± 0.1 

Braak I-II FTP SUVR (n 
= 57) 

1.17 ± 0.1 1.20 ± 0.2 1.01 ± 0.1 

Braak III-IV FTP SUVR 
(n = 57) 

1.14 ± 0.1 1.16 ± 0.1 1.14 ± 0.1 

CSF TNFα (n = 72) 0.23 ± 0.1 0.20 ± 0.1 0.24 ± 0.1 
CSF IL-8 39.5 ± 10 40.0 ± 8.5 39.3 ± 11 
CSF IL-6 1.14 ± 0.6 1.06 ± 0.5 1.19 ± 0.7 
CSF IL-10 (n = 72) 0.08 ± 0.0 0.08 ± 0.04 0.08 ± 0.04 
CSF Aβ42 (n = 72)* 286 ± 120 236 ± 102 310 ± 110 
CSF p-tau (n = 71) 49.3 ± 19 54.5 ± 21 46.9 ± 18  
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CSF inflammatory marker and tau PET. 
In secondary analyses including CSF Aβ42 and gray matter volume as 

covariates to control for potential effects of amyloid pathology and gray 
matter atrophy, negative associations between TNFα and FTP SUVR 
remained highly significant across all ROIs (r’s < − 0.408, p’s < 0.003). 
Negative associations between IL and 8 and FTP SUVR also remained 
significant when correcting for CSF Aβ42 and gray matter volume (r’s <
− 0.392, p’s < 0.005), indicating that associations between tau PET 
levels and pro-inflammatory cytokines were independent of CSF levels 
of Aβ42 and gray matter atrophy. 

3.2.3. Effects of choroid plexus FTP binding on FTP – CSF associations 
Voxelwise regressions revealed negative associations between TNFα/ 

IL-8 and FTP SUVR in several regions directly adjacent to choroid plexus 
(CP; Fig. 2). For TNFα, when FTP SUVR from CP was corrected for, 
correlations between TNFα and MTL FTP SUVR remained significant (r 
= − 0.287, p = 0.039), but the correlation between TNFα and thalamic 
FTP SUVR was no longer significant (r = − 0.139, p = 0.327), indicating 
that FTP binding in the CP may have influenced the association between 
TNFα and FTP SUVR in the thalamus, but likely not the MTL. For IL-8, 
when CP SUVR was corrected for, correlations between IL-8 and FTP 
SUVR were no longer significant for the right hippocampus (r = − 0.213, 
p = 0.125), left anterior hippocampus (r = − 0.191, p = 0.171), and left 

posterior hippocampus (r = − 0.127, p = 0.364). This suggests that 
correlations between IL-8 and FTP SUVR in these regions may have been 
influenced by FTP binding in the CP. 

3.3. Interactions between APOE4 and neuroinflammation on Aβ and tau 
levels 

3.3.1. Negative relationship between IL and 8 and Aβ PET is enhanced in 
APOE4 carriers 

Significant interactions between APOE4 and IL-8 on Aβ PET signal 
were detected in the SMG and IPL (Fig. 3A). In this interaction, APOE4 
carriers displayed a steeper negative relationship between IL and 8 and 
FBP SUVR than APOE4 non-carriers. There were no significant 
APOE4*CSF inflammation interactions on FBP SUVR for TNFα, IL-6, or 
IL-10. 

3.3.2. Negative relationship between IL and 8 and tau PET is enhanced in 
APOE4 carriers 

Significant interactions between APOE4 and IL-8 on tau PET signal 
were detected in bilateral MTL (including parahippocampal gyrus, en-
torhinal cortex, and fusiform gyrus), ITG/MTG, and IFG (Fig. 3B). In this 
interaction, APOE4 carriers displayed a much steeper negative rela-
tionship between IL-8 and FTP SUVR than APOE4 non-carriers. There 

Fig. 1. Aβ PET is negatively correlated with inflammatory markers. Clusters shown in blue colorscale depict significant negative correlations between FBP SUVR and 
CSF IL-6 (A) and IL-8 (B). For visualization, average FBP SUVR was extracted from significant clusters and plotted against CSF IL-6/IL-8, after correcting for age, sex, 
and APOE4 status. PFC: prefrontal cortex; SMG: supramarginal gyrus; S1/M1: primary somatosensory/motor cortex; IFG: inferior frontal gyrus. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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were no significant APOE4*CSF inflammation interactions on FTP SUVR 
for TNFα, IL-6, or IL-10. 

4. Discussion 

In the current study, we unexpectedly observed negative relation-
ships between brain PET levels of both Aβ and tau and CSF inflammation 
markers, such that higher levels of inflammation were associated with 
lower AD pathology. Furthermore, we observed APOE4*IL-8 in-
teractions on brain Aβ and tau PET signal, such that negative Aβ/tau – 
CSF relationships were stronger in APOE4 carriers. These combined 
results suggest that early neuroinflammation, prior to the onset of 
cognitive symptoms, may be an adaptive mechanism to prevent accu-
mulation of Aβ and tau proteins. 

Our finding of inverse relationships between Aβ/tau levels and CSF 
inflammatory markers is in line with previous longitudinal studies that 
utilized TSPO PET. In one study, a mixed sample of prodromal AD pa-
tients (CDR = 0.5) and AD dementia patients (CDR > 0.5) was followed 
for 2 years (Hamelin et al., 2016). Patients exhibiting slow cognitive 
decline longitudinally showed higher glial activation compared to pa-
tients with faster cognitive decline, indicating that glial activation might 
play a protective role in early clinical progression of AD. Another study 
reported that patients with mild cognitive impairment (MCI) exhibited 

decreased glial activation over the course of ~14 months that was 
associated with increased amyloid load (Fan et al., 2017b), suggesting 
that early glial activation may reflect an adaptive mechanism to prevent 
against AD pathology. Results from the current study are in agreement 
with these previous outcomes in MCI and prodromal AD patients, and 
further add evidence suggesting that early glial activation, as reflected 
by enhanced CSF inflammatory cytokines, may be protective against 
accumulation of Aβ and tau in a cognitively normal aging population. 

Significant negative correlations were observed between IL-6/IL-8 
and Aβ levels, particularly in frontal regions, which are known to 
demonstrate early Aβ accumulation in aging and AD (Gonneaud et al., 
2017; Mattsson et al., 2019). The negative direction of inflammation – 
Aβ relationships is consistent with a potential protective role for neu-
roinflammation prior to the onset of cognitive symptoms. Our result 
suggesting IL-6 may be protective against increased Aβ levels in cogni-
tive normal older adults is consistent with evidence that IL-6 suppresses 
amyloid deposition in an AD mouse model (Chakrabarty et al., 2010). 
Though there are relatively few studies directly investigating the effects 
of IL-8 on amyloid burden, previous results have indicated neuro-
protective effects of IL-8 (Araujo and Cotman, 1993), and attenuation of 
Aβ-induced apoptosis after administration of IL-8 (Ashutosh et al., 
2011). Furthermore, a well-known action of IL-8 is the chemotactic 
recruitment of neutrophils across the blood–brain barrier (BBB). 

Fig. 2. Tau PET is negatively correlated with CSF inflammatory markers. Clusters shown in blue colorscale depict significant negative correlations between FTP 
SUVR and CSF TNFα (A) and IL-8 (B). For visualization, average FTP SUVR was extracted from significant clusters and plotted against CSF TNFα/IL-8, after correcting 
for age, sex, and APOE4 status. MTL: medial temporal lobe; EC: entorhinal cortex; ITG/MTG/STG: inferior/middle/superior temporal gyrus; IPL: inferior parietal 
lobule; dlPFC: dorsolateral prefrontal cortex; ACC: anterior cingulate cortex; OFC: orbitofrontal cortex; R: right; LA: left anterior; LP: left posterior. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Although some recent evidence suggests that neutrophils may play a 
deleterious role in AD (Zenaro et al., 2015), other studies have found 
that specific neutrophil proteins may inhibit accumulation of AD pa-
thology (Stock et al., 2018). Additionally, IL-8 is known to have pro- 
angiogenic actions (Koch et al., 1992), which could potentially 
contribute to increased Aβ clearance across the BBB. The specific 
mechanisms underlying IL-6/IL-8 relationships with Aβ are still poorly 
understood and require further investigation. There were no significant 
correlations between Aβ PET and TNFα or IL-10. This could be due to a 
smaller effect size, as voxelwise correlations between FBP SUVR and 
TNFα/IL-10 showed similar spatial patterns to those with IL-6/IL-8 
when significance thresholds were lowered (data not shown). Longitu-
dinal studies are needed to elucidate the dynamic effects of inflamma-
tory cytokine release and their downstream effects on Aβ deposition. 

We observed significant negative associations between tau levels and 
both TNFα and IL-8 that were independent of CSF amyloid and atrophy, 
particularly in regions known to exhibit early accumulation of tau in 
aging and AD, i.e. MTL and inferior temporal lobe (Lowe et al., 2018; 
Pontecorvo et al., 2017). Mechanistic evidence consistent with this 
finding suggests a suppressive role for TNFα on AD pathology. For 
example, in a triple-transgenic AD mouse model (3xTg-AD), knocking 
out both TNFα receptors, TNF-R1 and TNF-R2, reduced the phagocytic 

ability of microglia and exacerbated both Aβ and tau pathology over 
time (Montgomery et al., 2011). A study in AD patients reported nega-
tive associations between CSF levels of TNFα and p-tau similar to those 
in the current study (Tarkowski et al., 1999), suggesting a potential 
neuroprotective role for TNFα. Regarding the observed correlations 
between IL-8 and tau levels, there is little direct evidence linking IL-8 to 
tau. Because TNFα signaling can itself induce the release of IL-8 from 
astrocytes (Aloisi et al., 1992) and microglia (Ehrlich et al., 1998), and 
the spatial patterns of TNFα – tau relationships was largely overlapping 
with that of IL-8 – tau relationships (Fig. 2), it is possible that the results 
with IL-8 were an indirect result influenced by TNFα levels. Addition-
ally, after covarying for the effect of choroid plexus binding, IL-8 – tau 
relationships were no longer significant, indicating that they could also 
have been an artifact of FTP binding in the CP. There were also no 
significant correlations between tau PET and IL-6 or IL-10. Because IL-6 
has been reported to induce tau phosphorylation, an initial step in 
accumulation of pathological tau (Quintanilla et al., 2004), any AD 
pathology-suppressing effects related to pro-inflammatory actions of IL- 
6 could potentially be balanced by its tau phosphorylating effects. 
Further studies are needed to better understand the relationships of pro- 
inflammatory factors and tau levels in the context of aging and AD. 

Finally, we observed interactions between APOE4 status and CSF IL-8 

Fig. 3. Significant interactions between APOE4 and IL-8 on Aβ and tau PET. Clusters shown in blue colorscale depict significant interactions between APOE4 status 
and IL-8 on FBP SUVR (A) and FTP SUVR (B). For visualization, average FBP/FTP SUVR was extracted from significant clusters and plotted against CSF IL-8, after 
correcting for age, sex, and APOE4 status. APOE4 carriers are shown in orange, non-carriers are shown in blue. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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concentrations on both Aβ and tau PET uptake. The direction of this 
interaction was such that negative Aβ/tau – IL-8 relationships were 
significantly steeper in APOE4 carriers compared to non-carriers. 
Although the APOE4 allele represents the greatest genetic risk factor 
for late onset AD, several studies have shown that middle-aged APOE4 
carriers exhibit paradoxically enhanced cognitive performance (Alex-
ander et al., 2007; Zokaei et al., 2017), indicating that APOE4 may 
impart early beneficial effects prior to its later harmful effects. The 
APOE4 interactions observed in the current study could be due to 
enhanced levels of cytokines, as APOE4 expression induces greater 
release of inflammatory cytokines in transfected cells and in vivo in 
humans (Fan et al., 2017a; Gale et al., 2014; Theendakara et al., 2016). 
However, there were no significant differences in CSF inflammatory 
cytokines between APOE4 carriers and non-carriers in the current study. 
Alternatively, the APOE4*IL-8 interactions could be related to a recent 
discovery linking APOE4 to BBB dysfunction (Montagne et al., 2020). 
The increased BBB leakage demonstrated by APOE4 carriers prior to 
cognitive impairment could potentially interact with the chemotactic 
properties of IL-8 to allow for greater infiltration of immune cells like 
neutrophils that target AD pathology. This interpretation is supported by 
a preclinical study showing that a disease-modifying agent enhanced 
infiltration of neutrophils and reduced amyloid and tau levels (Gabbita 
et al., 2015). Additionally, the APOE4*IL-8 interactions could be asso-
ciated with pro-angiogenic actions of IL-8 (Koch et al., 1992), either 
independently of or complementary to immune cell recruitment. Inter-
estingly, the regions showing significant APOE4*IL-8 interactions were 
spatially distinct from those demonstrating IL-8 – Aβ/tau correlations 
(Figs. 1B and 2B), suggesting that APOE4 may exert effects in a 
regionally distinct manner. This observation could be related to the 
documented influence of APOE4 on regional brain metabolism (Jagust 
et al., 2012), as the regions exhibiting APOE4 interactions (e.g. lateral 
parietal lobe, MTL) are hubs in the default mode network, which is 
marked by a high metabolic rate (Raichle et al., 2001). Further research 
is needed to understand the cellular mechanisms underlying relation-
ships between APOE4, IL-8, and amyloid and tau pathology. 

The current study has several limitations. Recent investigations have 
emphasized variability in the FTP PET signal, particularly in individuals 
with low levels of brain Aβ (Baker et al., 2019; Lowe et al., 2020), and we 
cannot exclude the possibility that noise in the FTP PET signal unrelated 
to tau protein in our sample of predominantly amyloid- participants 
could have masked results. However, the majority of CSF-FTP PET 
correlations were observed in lateral and medial temporal areas. FTP 
PET signal in these areas has been shown to correspond well with tau 
burden in post mortem samples (Lowe et al., 2020). Regardless, these 
results will need to be confirmed in future studies. Additionally, due to 
several factors, including the cross-sectional nature of the study and the 
inclusion of only cognitively normal participants, it is impossible to 
determine whether the observed relationships between CSF inflamma-
tory markers and brain Aβ and tau levels have any influence on the 
development of cognitive impairment and clinical AD. Longitudinal 
studies are necessary to elucidate the influence of inflammation in 
cognitively normal individuals on the development of future cognitive 
decline. 

In conclusion, the current study provides evidence of negative re-
lationships between neuroinflammation and Aβ and tau accumulation in 
a cognitively normal aging population. Our study, along with several 
lines of previous research, suggest that the relationship between neu-
roinflammation and proteins associated with AD pathology may be dy-
namic and differ across stages of aging and dementia severity. Future 
studies are needed to carefully delineate these complex interactions and 
to better understand when and for whom neuroinflammatory therapies 
may be appropriate. 
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