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Abstract 

Background:  Tauopathies are a group of neurodegenerative diseases where there is pathologic accumulation of 
hyperphosphorylated tau protein (ptau). The most common tauopathy is Alzheimer’s disease (AD), but chronic trau-
matic encephalopathy (CTE), progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and argyrophilic 
grain disease (AGD) are significant health risks as well. Currently, it is unclear what specific molecular factors might 
drive each distinct disease and represent therapeutic targets. Additionally, there is a lack of biomarkers that can dif-
ferentiate each disease in life. Recent work has suggested that neuroinflammatory changes might be specific among 
distinct diseases and offers a novel resource for mechanistic targets and biomarker candidates.

Methods:  To better examine each tauopathy, a 71 immune-related protein multiplex ELISA panel was utilized to ana-
lyze anterior cingulate grey matter from 127 individuals neuropathologically diagnosed with AD, CTE, PSP, CBD, and 
AGD. A partial least square regression analysis was carried out to perform unbiased clustering and identify proteins 
that are distinctly correlated with each tauopathy correcting for age and gender. Receiver operator characteristic and 
binary logistic regression analyses were then used to examine the ability of each candidate protein to distinguish dis-
eases. Validation in postmortem cerebrospinal fluid (CSF) from 15 AD and 14 CTE cases was performed to determine if 
candidate proteins could act as possible novel biomarkers.

Results:  Five clusters of immune proteins were identified and compared to each tauopathy to determine if clusters 
were specific to distinct disease. Each cluster was found to correlate with either CTE, AD, PSP, CBD, or AGD. When 
examining which proteins were the strongest driver of each cluster, it was observed the most distinctive protein 
for CTE was CCL21, AD was FLT3L, and PSP was IL13. Individual proteins that were specific to CBD and AGD were 
not observed. CCL21 was observed to be elevated in CTE CSF compared to AD cases (p = 0.02), further validating 
the use as possible biomarkers. Sub-analyses for male only cases confirmed the results were not skewed by gender 
differences.

Conclusions:  Overall, these results highlight that different neuroinflammatory responses might underlie unique 
mechanisms in related neurodegenerative pathologies. Additionally, the use of distinct neuroinflammatory signatures 
could help differentiate between tauopathies and act as novel biomarker candidate to increase specificity for in-life 
diagnoses.
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Background
One of the most prevalent types of neurodegenerative 
pathologies are tauopathies, a class of neurodegenera-
tive disease that demonstrate pathologic accumulation 
of hyperphosphorylated tau (ptau) in the brain [1]. The 
most common tauopathy is Alzheimer’s disease (AD), but 
diseases like chronic traumatic encephalopathy (CTE), 
progressive supranuclear palsy (PSP), corticobasal degen-
eration (CBD), and argyrophilic grain disease (AGD) are 
significant health risks as well. Neuropathologically, ptau 
can be observed to have a unique regional progression 
and cellular aggregation patterns specific to each disease 
[2–9]. However, the mechanisms behind neuropathol-
ogy are still unknown and it is unclear if there are early 
shared mechanisms common among diseases. Addition-
ally, tauopathies can only be diagnosed after death and 
lack specific diagnostic biomarkers. While the use of ptau 
in fluids, like blood and cerebrospinal fluid (CSF), has 
shown to be a possible marker of general neurodegenera-
tive processes, additional biomarkers are still needed that 
can sufficiently differentiate between tauopathies and aid 
antemortem diagnosis [10–12].

As there is greater understanding of neurodegenera-
tive disease processes, it has become increasing clear that 
neuroinflammatory changes might be specific among 
diseases. The idea that the immune response is either 
inflammatory or anti-inflammatory has been proven to 
be far too simplistic [13, 14]. Recent single cell sequenc-
ing studies have challenged such dichotomous classifi-
cation and suggested that the immune response present 
during neurodegenerative diseases is incredibly complex 
and diverse depending on the disease [15–18]. Further-
more, additional work has demonstrated that microglial 
mediated inflammatory response appears to be tailored 
towards the specific insult [14]. These complex changes 
potentially offer the ability to find a “neuroinflamma-
tory signature” and might prove to be a useful source 
of mechanistic targets important to disease pathogen-
esis and novel biomarker candidates. To that end, previ-
ous research has suggested that inflammatory related 
markers like CCL11 could distinguish between AD and 
CTE [19]. However, CCL11 is also increased with aging 
making it challenging to use in cohorts populated with 
primary aged individuals [19, 20]. Therefore, a deeper 
analysis of multiple diverse inflammatory or neuroim-
mune mediators might offer a powerful approach to 
identify novel proteins that could discriminate between 
tauopathies.

Utilizing grey matter from the anterior cingulate cor-
tex, a 71 immune-related protein multiplex ELISA was 
performed comparing the tauopathies AD, CTE, PSP, 
CBD, and AGD to identify novel neurodegenerative path-
ways and biomarkers. To narrow down the candidate 

biomarker list, an unbiased partial least square regression 
model was used to identify clusters of specific proteins 
that best correlated to each disease group while control-
ling for age at death and gender. Using the top distinct 
proteins, receiver operator curves and binary logistic 
regression analyses were performed to demonstrate the 
sensitivity, specificity, and predictive power for each 
protein. Finally, to validate the ELISA results and show 
efficacy on their use as novel candidate biomarkers, the 
top distinctive protein for CTE was used to examine the 
ability to identify disease in CSF compared to AD. Over-
all, due to the inherent complex nature of the neuroin-
flammatory response, this work suggests that in-depth 
analyses of neuroinflammatory components can reveal 
(1) novel mechanisms of disease specific to each tauopa-
thy and (2) identify better fluid biomarkers to more accu-
rately identify and discriminate tauopathies in life.

Materials and methods
Subjects
Postmortem fresh frozen human brain tissue was 
obtained and processed from 127 individuals as previ-
ously described [19]. Additionally, 29 samples of cerebro-
spinal fluid (CSF) were obtained as previously described 
[11]. Cases were evaluated from the BU CTE Center, BU 
Alzheimer’s Disease Center, Framingham Heart Study, 
and Mayo Clinic Brain Banks. Next of kin provided writ-
ten consent for participation and brain donation. IRB 
approval was obtained through the Boston University 
Alzheimer’s Disease and CTE Center and Mayo Clinic 
brain bank. Cases were assessed for neurodegenerative 
diseases using well established criteria for AD, neocorti-
cal Lewy body disease, frontal temporal lobar degenera-
tion, motor neuron disease, CTE, PSP, CBD, and AGD 
[2–8]. For AD, cases were included if they had a Braak 
Stage of at least 3 and a CERAD score of at least 2. Cases 
were divided into 5 groups based on the presence of 
either AD, CTE, PSP, CBD, or AGD. Each group did not 
have comorbid neurodegenerative diseases or overlap-
ping pathologic hallmarks. For brain tissue homogen-
ate, 40 cases had a diagnosis of CTE, 28 had AD, 20 had 
PSP, 20 had CBD, and 19 had AGD. For CSF, 14 cases had 
CTE and 15 had AD. Case selection represented a con-
venience sample set from each respective brain banks to 
best age and gender match between the 5 groups used in 
the study. However, as no females have been diagnosed 
with CTE, only males were selected. A full breakdown of 
sample demographics for brain homogenate samples is in 
Table 1 and for CSF samples in Table 2.

ELISA
Frozen tissue from the anterior cingulate cortex was har-
vested using methods previously described [21]. Anterior 
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cingulate cortex was selected as it is a region that can be 
affected by ptau in all 5 of the diseases [22–26]. Isolated 
frozen grey matter was homogenized using the Precellys 
Evolution + Cryolys Evolution system (Bertin Biorea-
gent) as per manufacturer’s instructions. Briefly, 500 mg 
of brain tissue was placed into a 7  mL CK28 Precellys 
lysis tube containing 5  mL of RIPA buffer. The tubes 
were placed into the Precellys Evolution + Cryolys Evolu-
tion and run at 6500  rpm 3 × 20  s with a 15  s break at 
4 ℃. Samples were then centrifuged at 3000×g at 4 ℃ 
for 10  min. The supernatant was removed and stored. 
Samples were then diluted with RIPA buffer to the final 
concentration of 4  mg/mL. Diluted samples were sent 
to Eve Technologies and run on the Human Cytokine/
Chemokine 71-plex discovery assay array (HD71). 8 pro-
tein targets were not expressed in any of the samples and 
excluded from the analyses.

To validate candidate biomarkers in a more relevant 
setting, postmortem CSF was obtained from 29 cases 
and prepared as previously described [11]. Samples 
were run on the CCL21/6CKine DuoSet ELISA kit from 
R&D systems as per manufacturer’s instructions. Plates 
were imaged using a SpretraMax M3 imager (Molecular 
Devices).

Statistics
To identify disease specific proteins using an unbiased 
approach, Partial Least Square (PLS) regression analy-
sis was carried out with a Kendall Correlation. The aim 
of PLS is to measure the inter-relatedness between two 
blocks of variables. For this analysis, one block is made 

up of the 5 contrasts of interest (CTE vs all other neu-
ropathologies, AD vs all other neuropathologies, etc.). 
The other block contains the ELISA protein levels after 
adjusting for age and gender. To carry out the PLS, sin-
gular value decomposition (SVD) is conducted on a par-
tial correlation matrix between each contrast and ELISA 
proteins after adjusting for age and gender, where each 
column corresponds to a contrast and each row corre-
sponds to a biomarker. The resulting matrices from SVD 
provide insight into how contrasts and ELISA proteins 
load to underlying constructs. Each protein was given a 
correlation number that represented how much a specific 
protein contributes to each neuropathologic disease. The 
advantage of using the PLS regression is that it reduces 
the number of target proteins for analysis, so a multiple 
comparison correction across all 71 proteins in the panel 
was not needed. To better understand if gender influ-
enced the results, a sub-analysis using just males was 
also performed. Receiver operating characteristic (ROC) 
curve and binary logistic regression analyses were used 
to determine the specificity and sensitivity of the top can-
didate proteins identified from PLS analysis. For ROC 
analysis, each disease was compared against all other 
pathologies (i.e. CTE cases vs all other diseases). ROC 
was analyzed for each protein individually. Multiple com-
parison correction was applied to the ROC results. Binary 
logistic regression was used to determine if proteins 
were predictive of distinct tauopathies when accounting 
for age and gender differences. Finally, Mann–Whitney 
tests were used to compare between AD and CTE CSF. 
Descriptive statistics, ROC curve, and Mann–Whitney 
tests were generated using SPSS (v26, IBM).

Results
Partial least square regression model identified 5 clusters 
of proteins that correlated with distinct tauopathy
To identify possible biomarkers or mechanisms that 
are distinct among CTE, AD, PSP, CBD, and AGD, a 71 
immune related protein multiplex ELISA was performed 
on anterior cingulate cortex grey matter. Using PLS 
regression analysis, 5 clusters of proteins were identified 
and correlated against each tauopathy to determine what 
clusters were related to specific disease (Fig. 1). Age and 
gender were included into the model to correct for differ-
ences. However, it is important to note that no females 
were present in the CTE group. Cluster 1 was most cor-
related with CTE, Cluster 2 was most correlated with 
AD, Cluster 3 was most correlated with PSP, Cluster 4 
was most correlated with CBD, and Cluster 5 was most 
correlated with AGD. Although clusters 4 and 5 demon-
strated higher specificity for CBD and AGD respectively, 
there was minor overlap with the other tauopathies as 
well.

Table 1  Demographics for brain homogenate samples

Values represented as mean ± SEM

CTE AD PSP CBD AGD

n 40 28 20 20 19

Age at death 
(years)

70.3 ± 11.3 79.7 ± 9.4 71.2 ± 4.4 64.8 ± 5.3 80.5 ± 6

Gender (male/
female)

40/0 13/15 10/10 11/9 11/8

CERAD score 0.1 ± 0.3 2.9 ± 0.4 0 ± 0 0 ± 0 0 ± 0

Table 2  Demographics for CSF samples

Values represented as mean ± SEM

CTE AD

n 14 15

Age at death (years) 72.5 ± 15.5 83.5 ± 8.5

Gender (male/female) 14/0 5/10

CERAD score 0.2 ± 0.4 2.5 ± 0.5
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Next, each cluster was analyzed to examine which spe-
cific proteins were driving the cluster classification (Fig. 2) 
and the top 5 proteins for each cluster were identified. The 
full list of proteins is presented in Additional file 2: Table S1. 
The most correlated protein for Cluster 1/CTE was CCL21 
(0.36), then followed by CXCL5 (0.27), CXCL13 (0.24), 
GMCSF (0.25), then CCL17 (0.23). In Cluster 2/AD, the 
highest correlated protein was FLT3L (0.31), then followed 
by IL17F (0.25), CCL17 (0.23), IL15 (0.23), then IL17E/IL25 
(0.21). In Cluster 3/PSP, the highest correlated protein was 
IL13 (0.37), followed by SCF (0.25), CXCL13 (0.25), CXCL9 
(0.24), then IL3 (0.24). In Cluster 4/CBD, the highest cor-
related protein was IL1β (0.37), followed by MDC (0.37), 
CXCL9 (0.21), ILF (0.2), then VEGFA (0.19). Finally, in 
Cluster 5/AGD the highest correlated protein was VEGFA 
(0.33), followed by CCL2 (0.32), CXCL9 (0.31), FLT3L 
(0.28), then GMCSF (0.22).

Although gender was controlled for as covariate in the 
PLS regression, a sub-analysis of just males was performed. 
The full list and order of proteins for the sub-analysis is 
present in Additional file 3: Table S2. The top proteins for 
Cluster 1/CTE remained consistent with CCL21 (0.31) as 
the highest associated protein. Cluster 3/PSP also was con-
sistent with IL13 as the highest associated protein. How-
ever, there was some differences across the other 3 groups. 
In Cluster 2/AD the highest male associated protein was 
IL23 (0.27), then CCL2 (0.24), followed by FLT3L (0.24). 
CXCL9 (0.35) was the highest associated protein in both 
Cluster 4 and 5. Overall, given that the sample size was 
severely reduced when excluding females, the findings in 
the male only subset was fairly consistent with the mix gen-
der full analysis.

The top 5 proteins in each cluster could identify distinct 
neurodegenerative pathologies
Using the top 5 proteins from each cluster in the full mixed 
gender analysis group, receiver operating curve (ROC) 
analyses was performed to examine how specific and sen-
sitive each protein was for identifying distinct tauopathies 
(Fig.  3). Multiple comparison correction was performed 
and p < 0.01 was the new significance threshold. ROC 
analysis of the top 5 Cluster 1 proteins for the ability to 
identify CTE demonstrated that CCL21 had the high-
est area under the curve (AUC) (0.854, p < 0.001). CXCL5, 
CXCL13, GMCSF, and CCL17 all were significant as well 
(Fig. 3A). GMCSF was the only Cluster 1 protein that had 
a significant AUC under 0.5 demonstrating it is found at 
lower levels in CTE compared to the other diseases. The 
top 5 proteins in Cluster 2 were used to identify AD. FLT3L 
had the highest AUC (0.670, p = 0.001), followed CCL17 
(0.634, p = 0.015). IL15 did not meet multiple compari-
son corrected significance (0.634, p = 0.017). IL17F (0.297, 
p < 0.001) had a significant AUC under 0.5 demonstrating 
decreased expression in AD compared to the other dis-
eases (Fig. 3B). Next, the top 5 proteins in Cluster 3 were 
used to identify PSP. IL13 was observed to have the highest 
significant AUC (0.777, p < 0.001), followed by SCF (0.640, 
p = 0.49), and IL3 (0.675, p = 0.003). CXCL9 (0.275, 0.001) 
had an AUC under 0.5 demonstrating less protein expres-
sion in PSP compared to other diseases (Fig. 3C). Cluster 
4 and Cluster 5 did not have any significant AUC values 
when used to identify CBD (Fig.  3D) and AGD (Fig.  3E), 
respectively.

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

Cluster and Disease Correlation

CTE

AD

PSP

CBD

AGD

Fig. 1  Partial Least Square regression identifies clusters of proteins 
that correlate with each tauopathy. Using the partial least square 
regression analysis, five clusters of ELISA proteins were identified 
and compared against each tauopathy to determine degree of 
correlation. Each comparison was a contrast of a single tauopathy 
against all other neuropathologies. Blue represents low correlation 
and red represents high correlation. Comparisons are adjusted for 
age at death and gender. Cluster 1 was most correlated with CTE, 
Cluster 2 with AD, Cluster 3 with PSP, Cluster 4 with CBD, and Cluster 
5 with AGD

Fig. 2  Correlation of each cluster to ELISA proteins identifies which immune factors are most specific to each disease. Singular value 
decomposition (SVD) was conducted on a partial correlation matrix between each cluster and ELISA proteins after adjusting for age and gender, 
where each column corresponds to a cluster and each row corresponds to an ELISA protein. The resulting heatmap demonstrates which immune 
proteins best correlate to each cluster/disease. From this heatmap, the top 5 candidate proteins that are distinct for each cluster/disease were 
selected. Blue represents low correlation and red represents high correlation

(See figure on next page.)
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Cluster and Protein Correlation
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Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5

CCL21
CXCL5
CCL17
TPO
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IL17F
SCF
IL3
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CCL27
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IL12p40
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CCL24
TNF

Fig. 2  (See legend on previous page.)
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The protein with the highest AUC values in each clus-
ter was then selected and used to examine the ability 
to identify each respective tauopathy when comparing 
against all 127 cases together while controlling for age at 
death and gender. Using binary logistic regression analy-
sis, CCL21 significantly correlated with a positive diag-
nosis of CTE (OR = 1.206, p < 0.001) independently of age 
at death (OR = 0.944, p = 0.036) or gender (OR = 0.00, 
p = 0.997). Next, it was observed that FLT3L, although 
not reaching significance, trended towards being able to 
predict AD (OR = 1.13, p = 0.054) independently of age 

at death (OR = 1.109, p < 0.001) or gender (OR = 2.679, 
p = 0.42). Cluster 3’s IL13 demonstrated significant abil-
ity to identify PSP (OR = 1.313, p < 0.001), indepen-
dently of age at death (OR = 0.970, p = 0.276), or gender 
(OR = 2.076, p = 0.183). Unlike Clusters 1–3, the pro-
tein with the highest AUC in Cluster 4 was not the top 
protein in the PLS analysis. LIF had the highest Cluster 
4 AUC, but IL1β was the top PLS correlated protein. 
However, neither IL1β (OR = 0.965, p = 0.816) or LIF 
(OR = 1.244, p = 0.232) correlated with a diagnosis of 
CBD. Similarly, for Cluster 5, GMCSF had the highest 
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Fig. 3  Receiver operator characteristics (ROC) curve demonstrates the top 5 candidate proteins for each cluster are specific and sensitive to identify 
tauopathies. Using the PLS results and top 5 candidate proteins for each cluster, ROC curve was performed for A) CTE, B) AD, C) PSP, D) CBD, and 
E) AGD. The area under the curve (AUC), standard error, and significance is displayed below each graph. AUC values over 0.5 suggest positive 
association with each disease, while values under 0.5 represent negative association. The black line is the reference line. Multiple comparison 
correction set the significance threshold to p < 0.01
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AUC but VEGFA was the top PLS correlated protein. 
While VEGFA (OR = 1.046, p = 0.246) was not correlated 
with a diagnosis of AGD, GMCSF was correlated with a 
diagnosis of AGD (OR = 5.148, p = 0.007) independently 
of age (OR = 1.132, p < 0.001) and gender (OR = 0.776, 
p = 0.676).

Binary logistic regression for the male only top asso-
ciated proteins was then preformed as a sub-anal-
ysis. CCL21 was still significantly correlated with a 
diagnosis of CTE (OR = 1.206, p < 0.001), independently 
of age at death (OR = 0.944, p = 0.036). Additionally, 
IL13 again demonstrated significant ability to iden-
tify PSP (OR = 1.439, p = 0.001), independently of age 
at death (OR = 0.992, p = 0.850). Neither Cluster 2’s 
IL23 (OR = 1.007, p = 0.206), nor CCL2 (OR = 1.006, 
p = 0.456), demonstrate significant ability to identify 
AD. However, FLT3L was again able to predict AD in the 
male only cases (OR = 1.208, p = 0.039), independently of 
age at death (OR = 1.102, p = 0.019). Finally, CXCL9 was 
not significant for CBD (OR = 0.946, p = 0.220), or AGD 
(OR = 0.987, p = 0.620).

CCL21 was able to identify CTE using postmortem CSF
Finally, to examine if the results taken from the brain 
homogenate can be extrapolated to fluids such as CSF, 
postmortem CSF from individuals with AD and CTE 
was obtained and a CCL21 ELISA was performed. When 
comparing the total concentrations, individuals with 
CTE were observed to have significantly more CCL21 
compared to individuals with AD (p = 0.02) (Fig.  4). A 
sub-analysis using just the male cases also demonstrated 
that CCL21 trended towards elevation in CTE compared 
to AD (p = 0.056) (Additional file 1: Fig. S1).

Discussion
Here we have shown that the complex neuroinflam-
matory response that occurs during disease might pro-
vide additional insight into unique disease mechanisms. 
Additionally, the neuroinflammatory response might be 
a useful source of candidate biomarkers to help identify 
tauopathies during life. Using a 71 immune-related pro-
tein multiplex ELISA panel, a PLS regression model was 
able to identify 5 distinct clusters of proteins that each 
correlated with a unique tauopathy. CTE, AD, and PSP 
had the highest overall correlation with their respec-
tive clusters. Although CBD and AGD had the strongest 
correlation with cluster 4 and 5 respectively, some over-
lap with other diseases was also observed. Using the top 
PLS hits, a ROC and binary logistic regression analysis 
demonstrated that CCL21 was the strongest predictor of 
CTE, FLT3L for AD, and IL13 for PSP. The strongest pre-
dictor proteins were consistent in both mixed gender and 
male only sub-analyses. Since there was less specificity 

in the clusters that belonged to CBD and AGD, a strong 
biomarker candidate was not observed. Finally, valida-
tion of the top PLS candidate proteins was performed in 
postmortem CSF, and it was observed that CCL21 was 
increased in CTE compared to AD. Overall, this work 
demonstrates that the neuroinflammatory signatures that 
are present among distinct tauopathies can be used to 
distinguish between diseases and could be an important 
source of novel biomarkers to aid in-life diagnosis.

Neurodegenerative pathologies are complex and might 
even change over the course of disease [27]. Therefore, it 
is likely a panel of biomarkers, consisting of serum or CSF 
sampling, PET or MRI imaging, and clinical symptoms 
will be needed to capture multiple diverse aspects of dis-
tinct neurodegenerative diseases. An important contri-
bution of the current study is the identification of new 
candidate proteins that could be useful alongside of the 
other established biomarkers to help distinguish between 
neurodegenerative pathologies for a more specific in-
life diagnosis. A panel consisting of CCL21, FLT3L, and 
IL-13 appeared to demonstrate significant power to dis-
tinguish between CTE, AD, and PSP, while CBD and 
AGD were a more ambiguous. To that end, it was dem-
onstrated that CCL21 was also increased in the CSF in 
CTE compared to AD, suggesting the brain homogenate 
findings could translate to fluids and be viable clinical 
biomarkers. These results suggest that the inclusion of 
the candidate proteins into biomarker panels could aid as 
tools to identify and distinguish diseases in-life.
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Fig. 4  CCL21 is elevated in the CSF in CTE. To validate PLS results and 
determine if candidate proteins can be used as biomarkers as fluid 
biomarkers, the top distinct protein for CTE, CCL21, was measured 
in postmortem CSF from individuals with AD and CTE. CCL21 
concentrations were higher in CTE compared to CTE as measured 
with a Mann–Whitney test (*p < 0.05). Each dot represents 1 case. 
Error bars represent mean ± SEM
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In addition to discovering possible novel biomarker 
candidates, by identifying specific sets of neuroinflam-
matory proteins linked to specific diseases, each clus-
ters offers details on mechanistic processes that could be 
distinct among tauopathies. The added insight can help 
shape our understanding of pathogenesis and aid the 
design of disease specific therapies. Cluster 1 was found 
to correlate strongly for CTE and the top PLS hits were 
CCL21, CXCL5, CXCL13, GMCSF, and CCL17. Out of 
those top 5, CCL21 was the strongest driver of the cluster 
and was the strongest predictor of any of the proteins for 
their respective disease. CCL21, also known as 6CKine, 
is a chemokine that signals immune cell trafficking [28, 
29]. The CCL21/CCR7 signaling axis has been shown 
to be an important component of T Cell extravasation 
into the brain [30]. CCL21 has also been shown to be a 
potent glial activator as well [31]. CCL21 has been associ-
ated with trauma-related injuries, suggesting the type of 
repetitive head trauma responsible inducing CTE could 
be driving a distinct CCL21 response [31, 32]. Interest-
ingly, all the top 5 hits for CTE belong to the chemokine 
family of proteins suggesting some of the strongest CTE 
immune signals are related to recruiting immune cells. 
Previous findings have also observed the chemokine 
CCL11 (also called eotaxin) was elevated in CTE [19]. 
However, no increase in CCL11 was observed in the pre-
sent study likely due to the advanced age of all the cases 
resulting in a ceiling effect.

Although AD is a highly studied disease, comparing the 
unique inflammatory response to other related tauopa-
thies is less common. FLT3L, IL15, IL17E/IL25, IL17F, 
and CCL17 were the top proteins found to be distinc-
tive for AD in Cluster 2. The most highly correlated pro-
tein to AD was FLT3L. FLT3L has several known effects 
relating to cell proliferation, metabolism, and leukocyte 
activation [33]. Several reports have detailed the impor-
tance of FLT3L in dendritic cell development [33] further 
highlighting a potential strong connection between AD 
and the immune system. Interestingly, FLT3L was also 
found to correlate with CSF tau concentration in cases 
of AD, Sjogren’s syndrome, and fibromyalgia [34]. The 
proinflammatory cytokine IL15, has also been previously 
suggested as a possible AD related biomarker, further val-
idating the current findings [35].

After CCL21 in CTE, the correlation between IL13 and 
PSP was the next strongest. IL13 is an anti-inflammatory 
cytokine that is closely related to IL4 and shares several 
downstream pathways [36]. Typically, IL13 is involved in 
allergic inflammatory diseases or wound-healing events 
[36]. To our knowledge, there has not been any previous 
reports of IL13 involvement in PSP. Anti-inflammatory 
proteins have been found to be part of the neuropatho-
logic process in other diseases, such as AD, but they were 

believed to be part of a protective feedback pathway [37]. 
Additional work will be needed to better understand how 
IL13 might be involved in PSP pathogenesis.

The final two diseases, CBD and AGD, demonstrated 
much less agreement with their respective clusters. ROC 
analysis for the top 5 PLS candidates for each disease did 
not reach significance, and only GMCSF correlated with 
AGD in a binary logistic regression. Although CBD and 
AGD had the highest correlation with Cluster 4 and 5, 
respectively, Fig. 1 demonstrated that there appeared to 
be moderate correlation with the other diseases as well. 
This suggests that the PLS candidate proteins identified 
for CBD and AGD are not as specific. It is possible that 
the anterior cingulate cortex was less affected in these 
diseases resulting in a more muted neurodegenerative 
response. Additionally, it is possible that CBD and AGD 
share more neuroimmune protein signatures to the other 
diseases as well. The present analysis does not compare 
absolute protein levels to a non-affected control case. 
Therefore, these results do not suggest that neurodegen-
erative proteins are not elevated in disease. Rather, they 
demonstrated that there was a lack of neuroimmune 
related proteins that could specifically identify AGD or 
CBD compared to CTE, AD, or PSP. Future work will be 
needed to more thoroughly investigate what other pro-
teins could act as biomarkers for AGD or CBD to better 
distinguish them.

Although gender was controlled for during the PLS 
and binary logistic regressions, it is important to point 
out that the CTE group was composed entirely of males 
which could skew results. This was due to the current 
lack of females diagnosed with CTE, as many of the 
donated samples were derived from individuals who 
played American football, a sport dominated by males. 
To account for this skew, a sub-analysis with just males 
was performed. The results for CTE compared to the 
other tauopathies with just males was consistent with 
CCL21 as the most predictive CTE protein. This was also 
observed in the CSF sub-analysis. Additionally, IL13 was 
again the strongest predictive protein for PSP. However, 
when using just males, CCL2 and IL23 moved ahead of 
FLT3L for AD. When investigating the ability of the new 
top 2 proteins to predict AD, they were not significant, 
while consistent with the mixed gender analysis, FLT3L 
was predictive. This suggested that while CCL2 and IL23 
might have some additional role in AD males, it is likely 
that removing half of the samples severely limited the 
power of the analysis and increased noise was added to 
the top associated proteins. Like the mixed gender full 
analysis, the male only sub-analysis did not find any pre-
dictive proteins for AGD or CBD. Therefore, since the 
most predictive protein for CTE (CCL21), AD (FLT3L), 
and PSP (IL13) was consistent across mixed and single 
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gender analyses, these results provide support that the 
findings were not significantly affected by the CTE male 
only skew. Gender differences during neurodegeneration 
is an important topic and likely contributed to the results 
in some degree. However, a more comprehensive future 
study will be needed to tease apart the gender differences 
in a larger sample set.

While this current study is one of the most compre-
hensive to date looking at dozens of different proteins 
across 5 different diseases, there are likely many more 
differences not captured with the multiplex ELISA. More 
unbiased proteomic techniques like mass spectrometry 
would be useful to identify the full spectrum of differ-
ences present between diseases and identify additional 
targets. Absolute levels of each protein will also need 
to be compared to control cases to have a better under-
standing of changes during normal aging. Additionally, 
future studies will be needed to determine the cellular 
source of each protein to increase understanding of pos-
sible disease mechanisms and further validate the current 
findings. Finally, the current study only examined one 
brain region, the anterior cingulate cortex. This region 
was selected as it was affected in all diseases and offered 
the best chance to identify ptau related changes. How-
ever, the progression of ptau is distinct in each tauopathy. 
Therefore, future studies will be needed to examine the 
neuroimmune changes that occur in a region-by-region 
progression.

Conclusion
In conclusion, here we have shown that there are unique 
neuroinflammatory pathways present among tauopathies 
that can provide greater insight into distinct mechanisms 
of disease. Additionally, these results also suggest that 
neuroinflammatory proteins are a good source of pos-
sible novel biomarker candidates to distinguish between 
tauopathies. CCL21, FLT3L, and IL13 are novel can-
didates that could be useful in future work to help bet-
ter understand and differentiate CTE, AD, and PSP. 
Although it is unclear how the absolute levels of the pro-
posed candidates differ from non-disease control cases, 
the current study is significant as it suggests novel mark-
ers that can help differentiate between related diseases 
and add increased disease specificity to other biomarker 
panels. These candidate proteins will likely be needed to 
be used in conjunction with a panel of already established 
proteins (including Aβ and ptau), imaging studies such as 
PET and MRI, and clinical measures to truly identify and 
capture the complexity of each disease in life.
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