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Abstract

Neurodegenerative diseases are a major health burden. The underlying 

causes are not yet fully understood, but different mechanisms such as cell 

stress and chronic inflammation have been described as contributing factors. 

Neurodegenerative changes have been observed in the vicinity of brain tumors, 

typically around slowly growing benign lesions. Moreover, in-vitro data sug-

gest a potential induction of pathological tau deposits also in glioblastoma, 

a highly malignant and proliferative brain cancer. The aim of this study was 

to evaluate neurodegeneration-associated protein deposition and autophagy 

as well as microglial activation within and surrounding glioblastoma. Post-

mortem brain tissue of 22 patients with glioblastoma was evaluated immuno-

histochemically for phosphorylated tau, beta-amyloid, alpha-synuclein and 

phosphorylated TDP-43. Additionally, the autophagy marker p62 and the mi-

croglial marker HLA-DR were investigated. The data was compared to 22 con-

trol cases and ten cases with other space occupying brain lesions. An increase 

of p62-immunoreactivity was observed within and adjacent to the glioblastoma 
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1  |   INTRODUCTION

Neurodegenerative diseases, with Alzheimer's disease as 
the most common representative, constitute a major global 
health issue and they gain even more importance due to de-
mographic change and increases in life expectancy [1]. As 
a common feature, neurodegenerative diseases are charac-
terized by progressive deposition of pathological proteins 
associated with cellular dysfunction and neuronal loss [2].  
The exact mechanisms triggering pathological protein 
deposition are still not fully understood. Different influenc-
ing factors such as chronic cellular stress including chronic 
inflammation, oxidative stress and mitochondrial dysfunc-
tion have been proposed [3–5]. One of the most important 
risk factors of neurodegeneration is aging per se [6]. One 
hallmark of aging is deficient proteostasis [7], which plays 
a crucial role in the accumulation of neurodegeneration-
associated proteins [2]. Neurodegeneration-associated 
protein deposits have been encountered in brain tumor pa-
tients, mostly in patients with slowly growing, low grade 
or benign tumor types such as meningioangiomatosis or 
ganglioglioma [8–12]. Neuropathologically, these deposits 
were characterized by tau-positive neurofibrillary tangles, 
neuropil threads as well as granulovacuolar degeneration 
[8–10]. This has been described mostly in adults, poten-
tially proposing a synergistic effect of age on tumor de-
velopment and the occurrence of neurodegeneration [8]. 
It was hypothesized that these changes could be partially 
due to chronic inflammatory infiltrates in the tumor and 
disturbance of its microenvironment [8]. In contrast, only a 
single study has explored the occurrence of neurodegener-
ative changes in a series of autopsy brains of patients with 
glioblastoma, a high-grade and proliferative active brain 
cancer. While the authors did describe Alzheimer pathol-
ogy, their assessments were limited to few cortical regions 
and did not include further proteins linked to neurodegen-
erative diseases other than AD [13].

We therefore performed a comprehensive morpholog-
ical characterization of different protein deposits linked 
to neurodegenerative diseases in glioblastoma, its vicin-
ity and at distant sites. Using a local series of autopsy 
brains of individuals with glioblastoma, we aimed to 
identify particular patterns that would suggest a patho-
genic link between glioblastoma and neurodegeneration.

2  |   M ATERI A LS A N D M ETHODS

2.1  |  Post-mortem brain samples

Post-mortem brains of 22 adult patients with neuropatho-
logical diagnosis of glioblastoma between 2004 and 2019 
were retrospectively identified from the Neuro-biobank of 
the Division of Neuropathology, Department of Neurology 
at the Medical University of Vienna. Reasons for perform-
ing an autopsy included a rapid disease evolution, lack of 
previous biopsy for diagnostic confirmation or rarity of 
co-existing diseases. Patient characteristics were retro-
spectively collected from the clinical files, where available 
(Table 2). In those patients who underwent previous sur-
gery, biopsy or resection specimens were reexamined.

Additionally, an age-matched control group of 22 
patients who died of non-neurological causes (cardiac 
causes, systemic tumor without neurological affection, 
infectious diseases without direct neurological affection, 
suicide) and an age-matched group consisting of ten pa-
tients with other space occupying lesions of the brain 
(metastasis, lymphoma, abscess) were analyzed.

2.2  |  Immunhistochemical stainings

Formalin-fixed, paraffin-embedded tissue blocks 
from the tumor region, distant regions with areas 

tumor tissue. Moreover, dense microglial infiltration in the tumor tissue and 

the immediate surrounding brain tissue was a constant feature. Deposition 

of neurodegeneration-associated proteins was found in the majority of cases 

(86.4%) but in distant sites. These findings suggested a preexisting neurode-

generative pathology, which followed a typical distributional pattern: ten cases 

with Alzheimer disease neuropathological changes, including two severe cases, 

eight cases with primary age-related tauopathy, six cases with aging-related tau 

astrogliopathy and one case with progressive supranuclear palsy. Collectively, 

our data suggests enhanced autophagy in glioblastoma tumor cells and the 

surrounding brain. The variety and distribution of distant neurodegeneration-

associated protein aggregates observed in the majority of cases, suggest a pre-

existing rather than a tumor-induced neurodegenerative condition.

K E Y W O R D S
autophagy, glioblastoma, neurodegeneration, p62, Tau
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sensitive to neurodegeneration (frontal cortex, basal 
ganglia, hippocampus, amygdala, pons, medulla ob-
longata; Figure 1) were stained with hematoxylin and 
eosin (H&E; Figure 3A) and by immunohistochemis-
try applying a panel of primary antibodies (Table 1). 
Immunoreaction was visualized by the DAKO Envision 
System kit (DAKO, Glostrup, Denmark) using the 
Dako-Autostainer 48 Link platform, diaminobenzidine 
was used as chromogen.

2.3  |  Neuropathological examination

Morphological assessment was performed on H&E-
stained sections. Brain regions were further analyzed by 

immunohistochemistry for the identification of different 
neurodegeneration-associated proteins, the autophagy 
marker p62 and for the inflammatory marker HLA-DR 
to provide information on the tumor microenvironment 
and inflammation.

Densities of immunohistochemical reactions were 
evaluated semiquantitatively as previously described 
[14]. A magnification of 100x was used for the following 
antibodies:

Tau: none (−); isolated (i) 1–2 immunoreactive struc-
tures; mild (+) 3–6 immunoreactive structures; mod-
erate (++) 7–10 immunoreactive cells; severe (+++) >10 
immunoreactive cells. Neurofibrillary pathology was 
staged according to Braak&Braak [15,16]. Alzheimer 
disease neuropathologic changes were staged according 

F I G U R E  1   Neurodegeneration-associated proteins found within the tumor, the immediate surroundings and in areas prone to 
neurodegenerative pathology depicting two exemplary cases. (A) Figure of a coronary section through a brain with a tumor (depicted in grey) 
and strategy of evaluation. (B, D, F) PSP case showing tufted astrocytes in the immediate tumor surroundings, isolated tau-positive remnants 
in the tumor tissue and more pronounced pathology in the medial temporal lobe, distant from the tumor (AT8); (C, E, G) Isolated neuropil 
threads in the cortex adjacent to the tumor in a case with ADNC, no immunoreactivity in the tumor itself, tangles, pretangles and neuropil-
threads in the medial temporal lobe (AT8); Scale bars: B, C, D: 50 μm; E, F, G: 100 μm 
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to the National institute on aging-Alzheimer's associa-
tion guidelines for the neuropathologic assessment of 
Alzheimer's disease. [17]

ßA4: none (−); isolated (i) 1–5 plaques; mild (+) 6–15 
plaques; moderate (++) 15–30 plaques; severe (+++) >30 
plaques. Neuritic plaques were staged according to 
CERAD criteria [18]. Amyloid phases were assessed 
according to Thal [19]. Cerebral amyloid angiopathy 
(CAA) was described as absent (-) or present (+) and fur-
ther described according to Thal [20].

alpha-Synuclein: none (−); isolated (i) 1–2 dots/neur-
ites, mild (+) 3–6 immunoreactive structures; moderate 
(++) 7–10 immunoreactive structures; severe (+++) >10 
immunoreactive structures. Lewy bodies were staged ac-
cording to McKeith and Braak [21–23].

phospho-TDP-43: none (−); isolated (i), 1–2 neuropil-
dots or single threads, mild (+), 3–6 immunoreactive 
structures; moderate (++), 7–10 immunoreactive struc-
tures; and severe (+++), >10 immunoreactive structures.

p62: none (−), isolated (i), 1–4 immunoreactive struc-
tures, mild (+), 5–10 immunoreactive structures; moder-
ate (++), 11–15 immunoreactive structures; severe (+++), 
>15 immunoreactive structures.

HLA-DR was evaluated using a magnification of 
400x: none (−); isolated (i), 1–20 immunoreactive struc-
tures, mild (+), 20–50 immunoreactive structures; mod-
erate (++), 51–100 immunoreactive structures; severe 
(+++), >100 immunoreactive structures.

CD68 was evaluated using a magnification of 400x 
as follows: none (−); isolated (i), 1–20 immunoreactive 
structures, mild (+), 20–50 immunoreactive structures; 
moderate (++), 51–100 immunoreactive structures; severe 
(+++), >100 immunoreactive structures.

3  |   RESU LTS

3.1  |  Patients’ characteristics

Post-mortem brain samples from 22 adult patients with 
glioblastoma were collected. Mean post-mortem delay 
was 24.1  hours (range 5–62, SD 15.8), mean formalin 
fixation time was 30.6 days (range 2–134, SD 30.1). Six 

patients were female. One case was a secondary glio-
blastoma. Mean age at death was 63.9 years (range 37–
88, SD 14.3) and mean disease duration was 5.3 months 
(0.5–35, SD 7.7, median 2.5 months). One case (case 11) 
had a clinical diagnosis of Parkinson's disease and two 
cases (case 5, case 18) had an initial suspicion of a prion 
disease due to rapidly progressive dementia and confu-
sion, respectively. One patient (case 19) had preexisting 
cognitive dysfunction due to Trisomy 21. In the other 
cases no preexisting neurological conditions were noted. 
13 patients underwent previous surgery (biopsy: five, 
resection: eight). Nine patients received chemotherapy, 
twelve did not, and data on therapy was lacking in one 
case. Nine patients underwent radiotherapy, twelve did 
not, and data on radiotherapy was lacking in one case. 
Clinical and demographic characteristics of the GBM 
group are summarized in Table 2.

Mean age of the non-neurological control group was 
63.6 years and consisted of seven females and 15 males. 
Mean age of the control group with other space occupy-
ing lesions was 60.8 years; there were three females and 
seven males. Further patients’ characteristics of these 
two groups are summarized in Table S1.

3.2  |  Neuropathological examination

3.2.1  |  Neurodegeneration-
associated proteins

The tumor masses rarely exhibited neurodegeneration-
associated protein deposits (Figure 2A–C). One case 
revealed isolated within-tumor tau deposition. Beta-
amyloid was found inside the tumor in two cases, one 
showing isolated and the other a low density of deposits. 
No intra-tumoral alpha-synuclein or phospho-TDP-43 
was identified. No cases with protein deposits confined 
to the tumor tissue without affection of the surrounding 
brain tissue were found and generally the amount of pro-
tein deposits was higher in the surrounding brain tissue.

In the immediate surroundings (Figure 2D–F) of 
the tumor severe tau deposition was found in one case 
(4.5%) with neuropil threads, neurofibrillary tangles 

TA B L E  1   Primary antibodies used for immunohistochemical characterization

Antibody name Clone Company Dilution

Anti-p62 Clone 3/p62 lck ligand BD Transduction Laboratories, Franklin Lakes, 
NJ, USA

1:500

Anti-phosphorylated tau Clone AT8, pS202/pT205 Thermo Scientific, Rockford, IL, USA 1:200

Anti-βA4-amyloid Clone 6F/3D DAKO, Glostrup, Denmark 1:100

Anti-alpha-Synuclein Clone 5G4 Roboscreen, Leipzig, Germany 1:4000

Anti-phosphorylated TDP-43 Clone 11-9, pS409/410 Cosmo Bio, Tokyo, Japan 1:20,000

Anti-HLA-DR Clone CR3/43 DAKO, Glostrup, Denmark 1:400

Anti-Ubiquitin Clone Ubi-1 Millipore, Temecula, CA, USA 1:50,000

Anti-CD68 Clone KP1 DAKO, Glostrup, Denmark 1:5000
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(NFT) and pretangles. One case (4.5%) exhibited a mod-
erate amount of tau pathology with NFT, tufted astro-
cytes and coiled bodies, two cases (9.1%) showed a mild 
amount of tau pathology with few threads and single 
pretangles, six cases (27.3%) showed isolated tau deposits 
with single neuropil threads and twelve cases (54.5%) did 
not exhibit tau deposits.

Peritumorally, one case (4.5%) showed severe beta-
amyloid-pathology, two cases (9.1%) exhibited moderate 
pathology, four cases (18.2%) showed mild beta-amyloid 
deposits, two cases (9.1%) showed isolated beta-amyloid 
deposits and 13 cases (59.1%) did not harbor any beta-
amyloid. No alpha-synuclein or phospho-TDP-43 depos-
its were found peritumorally.

Those cases showing neurodegeneration-associated 
protein deposits within the tumor and in the surround-
ing brain tissue were associated with more widespread 
neurodegenerative conditions following typical spatial 
distribution. Ten cases (45.5%) showed Alzheimer dis-
ease neuropathologic changes (ADNC, Figure 2F–H), 
eight cases (36.4%) had primary age-related tauopathy 
(PART), six cases (27.3%) exhibited ageing-related tau 
astrogliopathy (ARTAG, Figure 2I,J), five cases (22.7%) 
had cerebral amyloid angiopathy (CAA, Figure 2C,H) 
and one case (4.5%) showed tufted astrocytes (TA), neu-
rofibrillary tangles (NFT) and coiled bodies (CB), typical 
of progressive supranuclear palsy (PSP, Figure 1B,D,F 
and 2E,K,L). In summary, 19 cases (86.4%) showed any 
neurodegeneration-associated protein deposits. One 
case (4.5%) was totally devoid of neurodegeneration-
associated proteins. In two cases (9.1%), the available 
tissue was restricted to the tumor and its immediate sur-
roundings, not allowing further assessment of neurode-
generative changes. Most cases exhibited a low amount 
of neurofibrillary change with a Braak stage I in seven 
cases (31.8%) and a Braak stage II in five cases (22.7%). 
No tau-positive astrocytic plaques, argyrophilic grains 
or atypical neuronal or glial pathology were observed. 
No alpha-synuclein deposits were found. One case ex-
hibited isolated phospho-TDP-43- positive threads in the 
amygdala only. For detailed staging see Table 3. In the 
previous surgical biopsy or resection samples tau and 
beta-amyloid deposits were found in three cases. These 
findings were comparable to the changes observed in the 
post-mortem tissue of the same patients.

In the non-neurological control group, ten patients 
(45.5%) had ADNC, seven patients (31.8%) had PART, 
seven patients (31.8%) had ARTAG, three patients (13.6%) 
exhibited CAA, one patient (4.5%) showed changes con-
sistent with argyrophilic grain disease (AGD), there 
was one patient (4.5%) with incidental PSP, two patients 
(9.1%) showed alpha-synuclein-deposits and one patient 
(4.5%) had isolated phospho-TDP-43-positive threads 
in the frontal cortex. Only one case was totally devoid 
of neurodegeneration-associated proteins. Also in this 
group, most cases exhibited a low amount of neuro-
fibrillary tau pathology with a Braak stage I in six cases N
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(27.3%), and a Braak stage II in three cases (13.6%). For a 
detailed staging see Table S2.

In the third study group with other space occupying 
lesions, three patients (30%) had ADNC, five patients 
(50%) had PART, three patients (30%) had ARTAG, 
one patient (10%) had AGD, and one patient (10%) 
showed alpha-synuclein-deposits in the brainstem. The 
space occupying lesions themselves rarely contained 
neurodegeneration-associated protein deposits. For a 
detailed staging see Table S2.

3.3  |  Microglial infiltration

Microglial reaction inside the glioblastoma as evaluated 
by anti-HLA-DR-immunohistochemistry was severe in 
ten cases (45.5%) (Figure 3B,C), moderate in eight (36.4%), 
mild in one (4.5%), and showed only isolated activated 
cells in two cases (9.1%); no significant microglial reaction 
was observed in one case (4.5%). Peritumorally, one case 
(4.5%) showed a moderate microglial reaction, 18 (81.8%) 
had mild reaction, isolated activated microglial cells were 

F I G U R E  2   Different neurodegenerative changes found in the cohort. (A–C) Pathological deposits found inside the tumor; (A) Isolated 
cytoplasmic deposits resembling a coiled body found inside of the glioblastoma in the single case with PSP (AT8); (B) Remnants of a beta-
amyloid-plaque found inside the tumor in a case with ADNC (βA4); (C) Beta-amyloid in the vessel wall in the tumor region (βA4); (D–F) 
Pathological protein deposits found in the immediate surroundings of the tumor; (D) Pretangle and neuropil threads (AT8); (E) Tufted 
Astrocytes in the PSP case (AT8); (F) Abundant pretangles, tangles and neuropil threads in an Alzheimer's disease case (AT8); (G–L) 
Pathologies found distant from the tumor; (G) Abundant tangles, pretangles and neuropil threads in the CA1-sector of the hippocampus in 
a case with ADNC (AT8); (H) Diffuse beta-amyloid deposits and cerebral amyloid angiopathy in the cerebellar cortex in a case with severe 
ADNC (βA4); (I) Perivascular ARTAG with thorn shaped astrocytes (AT8); (J) Subpial ARTAG with abundant thorn shaped astrocytes (AT8); 
(K) Globose tangles in the locus coeruleus of the patient with PSP (AT8); (L) Tufted astrocyte in the basal ganglia of the patient with PSP (AT8); 
Scale bars: A, B, C, D, L: 50 μm; E, F, G, H, I, J, K: 100 μm 
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found in two cases (9.1%) and no microglial reaction in 
one case (4.5%). In the surgical specimen intensity and 
distribution of the microglial reaction was similar to that 
observed in the post-mortem brain tissue. Additional 
staining for CD68  showed similar intensities and distri-
bution patterns but was in general less pronounced than 
HLA-DR. For a detailed staging see Table 3.

In the other non-GBM space occupying lesions en-
hanced HLA-DR expression was also observed within 
the lesion and in the immediate surroundings, particu-
larly in lymphoma; overall, these changes were, however, 
not more prominent than in glioblastoma.

3.4  |  Autophagic marker p62

p62 was enhanced within the glioblastoma in 21 
cases (95.5%). One case (4.5%) exhibited no p62-
immunoreactivity. Different patterns, as depicted in 

Figure 3 could be identified. On the one hand, a faint 
cytoplasmic and nuclear immunoreactivity was seen in 
tumor cells (Figure 3D), especially surrounding vascular 
proliferations and perinecrotic areas (Figure 3E). Some 
tumor cells exhibited dense intranuclear p62-positive in-
clusions (Figure 3F). On the other hand, there were cells 
with a granular cytoplasmic / lysosomal pattern of p62 
positivity in cells resembling macrophages (Figure 3G). 
In the adjacent cortex in some cases there was a nu-
clear positivity, which was highly resembling the p62-
immunoreaction in metabolic gliosis [24] (Figure 3I), and 
some cases showed fibrillar cytoplasmic inclusions, rep-
resenting NFT (Figure 3H). Generally, the density of p62 
inside the tumor was high in three cases (13.6%), moder-
ate in six (27.3%), mild in seven (31.8%) and isolated in 
five cases (22.7%).

In the immediate tumor surroundings, 15 cases 
(68.2%) showed p62-positivity, seven (31.8%) showed no 
p62 accumulation adjacent to the tumor. Four cases 

TA B L E  3   Detailed mapping and semiquantitative assessment of immunohistochemical stainings of neurodegeneration-associated  
proteins, HLA-DR, CD68 and p62 and staging of neurodegenerative pathologies

No.

Tau BetaA4-amyloid Phosho-TDP-43 Alpha-synuclein p62 HLA-DR CD68

Overall neurodegenerative 
pathologyTu PeTu Fr BG HC + EC Amy Pons

Bx 
Tu

Bx 
PeTu Tu PeTu Fr BG HC + EC

Bx 
Tu

Bx 
PeTu Tu PeTu Fr

HC + 
EC Amy MO

Bx 
Tu

Bx 
PeTu Tu PeTu Amy MO

Bx 
Tu

Bx 
PeTu Tu PeTu

Bx 
Tu

Bx 
PeTu Tu PeTu

Bx 
Tu

Bx 
PeTu Tu PeTu

Bx 
Tu

Bx 
PeTu

1 0 i i i i 0 0 i i 0 1 0 0 0 0 0 0 2 1 3 1 i i ADNC A1B1C0

2 0 i 1 i 2 2 1 0 1 2 2 1 0 0 0 0 0 0 0 0 0 0 i 0 3 1 1 i ADNC A2B1C1, ARTAG

3 0 0 1 i 3 3 1 0 i i 0 i 0 0 0 0 0 0 0 0 0 0 2 0 2 1 1 i ADNC A1B2C1

4 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 i i 2 i 1 i PART BII, ARTAG

5 0 3 3 3 3 2 0 3 3 3 3 0 0 0 0 0 0 2 1 2 1 1 1 ADNC A3B3C3, CAA 
Thal 2

6 0 i i 0 i i 0 1 0 1 1 0 i 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 i 2 i 2 1 2 1 1 i 1 i ADNC A1B1C0

7 0 i 1 0 i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 i 2 1 2 1 2 1 i i 1 i PART BI

8 0 0 0 i 1 i i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 3 1 1 2 i i PART BI

9 0 0 i 0 i i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 i 2 3 1 2 2 i 2 PART BI

10 0 0 0 i 3 1 i 0 0 0 0 0 0 0 0 0 i 0 0 0 0 0 0 0 i 1 i i PART BIII, ARTAG

11 i 2 2 2 3 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 i 3 1 1 i PSP

12 0 0 0 0 i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 i 3 1 1 i PART BI

13 0 0 i 1 1 1 1 2 2 1 0 0 0 0 0 0 1 i 1 1 i i ADNC A2B1C2, CAA 
Thal 2

14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 i i 1 0 0 1 i i 1 None

15 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 i 0 2 2 2 i PART BII

16 0 i 2 i 3 3 2 0 i i 1 2 1 i 0 1 0 0 0 0 0 0 0 0 0 0 0 0 i 0 1 i i 1 1 1 i i i i ADNC A2B3C2, CAA 
Thal 2

17 0 0 0 0 1 i 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 i i 3 1 2 2 i 1 PART BI, ARTAG

18 0 0 0 1 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 i 3 1 2 i ADNC A1B1C1, CAA Thal 
2, ARTAG

19 0 1 1 1 3 3 1 0 0 2 2 1 1 0 0 0 0 0 0 0 0 0 0 0 0 3 1 1 3 i 3 2 i 2 ADNC A3B3C3, CAA 
Thal 2

20 0 0 0 0 0 0 0 0 0 0 3 1 2 1 1 i Not assessable

21 0 1 0 0 0 0 0 0 0 2 i 3 1 2 i Not assessable

22 0 i i 1 2 i 0 1 0 2 2 1 1 1 2 0 0 0 0 0 0 0 0 0 0 0 0 1 0 2 1 2 1 2 1 2 i 1 i ADNC A2B2C1

Abbreviations: ADNC, Alzheimer disease neuropathological change; Amy, amygdala; ARTAG, aging-related tau astrogliopathy; BG, basal ganglia; Bx,  
biopsy/resection specimen; CAA, cerebral amyloid angiopathy; Fr, frontal; HC + EC, hippocampus and entorhinal cortex; MO, medulla oblongata; No, case  
number; PART, primary age-related tauopathy; PeTu, peritumoral brain tissue; PSP, progressive supranuclear palsy; Tu, tumor tissue.

The different shades of colors represent different severity of the pathology with lighter colors indicating less severe pathology and darker colors indicating more  
severe pathology.
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TA B L E  3   Detailed mapping and semiquantitative assessment of immunohistochemical stainings of neurodegeneration-associated  
proteins, HLA-DR, CD68 and p62 and staging of neurodegenerative pathologies

No.

Tau BetaA4-amyloid Phosho-TDP-43 Alpha-synuclein p62 HLA-DR CD68

Overall neurodegenerative 
pathologyTu PeTu Fr BG HC + EC Amy Pons

Bx 
Tu

Bx 
PeTu Tu PeTu Fr BG HC + EC

Bx 
Tu

Bx 
PeTu Tu PeTu Fr

HC + 
EC Amy MO

Bx 
Tu

Bx 
PeTu Tu PeTu Amy MO

Bx 
Tu

Bx 
PeTu Tu PeTu

Bx 
Tu

Bx 
PeTu Tu PeTu

Bx 
Tu

Bx 
PeTu Tu PeTu

Bx 
Tu

Bx 
PeTu

1 0 i i i i 0 0 i i 0 1 0 0 0 0 0 0 2 1 3 1 i i ADNC A1B1C0

2 0 i 1 i 2 2 1 0 1 2 2 1 0 0 0 0 0 0 0 0 0 0 i 0 3 1 1 i ADNC A2B1C1, ARTAG

3 0 0 1 i 3 3 1 0 i i 0 i 0 0 0 0 0 0 0 0 0 0 2 0 2 1 1 i ADNC A1B2C1

4 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 i i 2 i 1 i PART BII, ARTAG

5 0 3 3 3 3 2 0 3 3 3 3 0 0 0 0 0 0 2 1 2 1 1 1 ADNC A3B3C3, CAA 
Thal 2

6 0 i i 0 i i 0 1 0 1 1 0 i 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 i 2 i 2 1 2 1 1 i 1 i ADNC A1B1C0

7 0 i 1 0 i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 i 2 1 2 1 2 1 i i 1 i PART BI

8 0 0 0 i 1 i i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 3 1 1 2 i i PART BI

9 0 0 i 0 i i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 i 2 3 1 2 2 i 2 PART BI

10 0 0 0 i 3 1 i 0 0 0 0 0 0 0 0 0 i 0 0 0 0 0 0 0 i 1 i i PART BIII, ARTAG

11 i 2 2 2 3 2 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 i 3 1 1 i PSP

12 0 0 0 0 i 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 i 3 1 1 i PART BI

13 0 0 i 1 1 1 1 2 2 1 0 0 0 0 0 0 1 i 1 1 i i ADNC A2B1C2, CAA 
Thal 2

14 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 i i 1 0 0 1 i i 1 None

15 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 i 0 2 2 2 i PART BII

16 0 i 2 i 3 3 2 0 i i 1 2 1 i 0 1 0 0 0 0 0 0 0 0 0 0 0 0 i 0 1 i i 1 1 1 i i i i ADNC A2B3C2, CAA 
Thal 2

17 0 0 0 0 1 i 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 i i 3 1 2 2 i 1 PART BI, ARTAG

18 0 0 0 1 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 i 3 1 2 i ADNC A1B1C1, CAA Thal 
2, ARTAG

19 0 1 1 1 3 3 1 0 0 2 2 1 1 0 0 0 0 0 0 0 0 0 0 0 0 3 1 1 3 i 3 2 i 2 ADNC A3B3C3, CAA 
Thal 2

20 0 0 0 0 0 0 0 0 0 0 3 1 2 1 1 i Not assessable

21 0 1 0 0 0 0 0 0 0 2 i 3 1 2 i Not assessable

22 0 i i 1 2 i 0 1 0 2 2 1 1 1 2 0 0 0 0 0 0 0 0 0 0 0 0 1 0 2 1 2 1 2 1 2 i 1 i ADNC A2B2C1

Abbreviations: ADNC, Alzheimer disease neuropathological change; Amy, amygdala; ARTAG, aging-related tau astrogliopathy; BG, basal ganglia; Bx,  
biopsy/resection specimen; CAA, cerebral amyloid angiopathy; Fr, frontal; HC + EC, hippocampus and entorhinal cortex; MO, medulla oblongata; No, case  
number; PART, primary age-related tauopathy; PeTu, peritumoral brain tissue; PSP, progressive supranuclear palsy; Tu, tumor tissue.

The different shades of colors represent different severity of the pathology with lighter colors indicating less severe pathology and darker colors indicating more  
severe pathology.

(18.2%) showed a mild degree of p62-positivity and 
eleven (50.0%) showed only isolated p62-positive cells. 
In the biopsy/resection specimens p62-immunoreactivity 
was similar to that observed in the post-mortem brain 
tissue and showed similar patterns. For detailed staging 
see Table 3.

In the other non-GBM space occupying lesions mod-
erate p62 immunoreactivity was observed in two metas-
tases (adenocarcinoma of the lung and esophagus), while 
only isolated positive cells were identified in a breast 
carcinoma metastasis. Immunoreaction in the four lym-
phomas as well as in the three abscesses was mostly mild 
and was also less pronounced than in glioblastoma. For 
detailed staging see Table S2.

3.5  |  Correlation with cognitive 
dysfunction and age groups

Only one patient had a clinically overt dementia and one 
patient presented cognitive impairment due to Trisomy 

21. However, we found ADNC in roughly half of the pa-
tients (n = 10; 45.5%). When we took patients’ age into 
consideration, we found that AD-type pathology was 
present in all age-groups except in the group below 
50 years (n = 4). Among three patients aged 50–60 years, 
two had mild ADNC (one Braak I, Thal phase 2, and 
one Braak II, Thal phase 3 with CAA). In the group aged 
61–70 years (n = 8), four patients exhibited ADNC and in 
the age group >70 (n = 7) four patients exhibited ADNC. 
Six cases (27.3%) had a Braak&Braak NFT stage of at 
least III [15,16]. The two patients with cognitive dysfunc-
tion (presenile dementia) had advanced Alzheimer's 
pathology with Braak&Braak NFT stages of V and VI, 
respectively. One of them (female, 62 years) had a history 
of rapidly progressive dementia over the course of two 
years prior to diagnosis of the brain tumor. In this pa-
tient no genetic testing was conducted. The second case 
(male, 62 years) had Trisomy 21, which is associated with 
a high risk of presenile Alzheimer's disease due to the 
overexpression of amyloid precursor protein (APP) on 
chromosome 21 [25].

TA B L E  3   (Continued)
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4  |   DISCUSSION

In this study, we systematically assessed the presence 
and distribution of neurodegeneration-associated pro-
tein deposits in a large post-mortem cohort of patients 
with glioblastoma in the tumor itself, in the immediately 
surrounding brain tissue and at distant sites that are 
prone to neurodegenerative changes (Figure 1).

We observed that the accumulation of 
neurodegeneration-associated proteins was generally 
rare in the tumor itself. In the immediate tumor sur-
roundings, however, we found different levels of tau depo-
sition in roughly half of the patients. These deposits were 
morphologically and spatially associated with a range 
of known neurodegenerative conditions such as ADNC, 
PART, ARTAG and PSP. Moreover, a relatively high per-
centage of neurodegenerative pathology was identified in 
tumor-distant brain areas, in an amount and distribution 
that would be expected in persons at that age.

Considering an extensive set of brain regions (also 
distant from the glioblastoma) that are prone to 

neurodegenerative changes, the most frequent patho-
logical protein involved was hyperphosphorylated tau 
with at least isolated neuropil threads somewhere in 
the brain in almost all patients. This is of interest, since 
tau protein has been previously linked to glioblastoma 
[26,27], while similar links have not (yet) been described 
for other proteins linked to neurodegenerative diseases. 
Comparing the pathology with an aged-matched con-
trol group we found no differences in the amount and 
distribution of pathologies between both groups. This 
is in line with previous reports on age-related neurode-
generative changes [28,29]. We also did not find a signif-
icant difference between the overall neurodegenerative 
changes observed in the glioblastoma group and the 
group of patients with other space occupying lesions. 
Tau deposits were increasingly identified in glioblastoma 
patients over 50 years, with higher pathology load in the 
oldest patients. Previous reports have identified early 
deposits in subcortical nuclei already below the age of 
30 years [28,30]. It is known that AD pathology can be 
found in patients without clinically apparent dementia 

F I G U R E  3   Microglial reaction and p62-immunoreactivity. (A) Glioblastoma located mainly in the white matter, showing characteristic 
vascular proliferations and necrosis (H&E); (B) HLA-DR staining with a severe reaction in the tumor tissue (HLA-DR); (C) Upper inset: Severe 
microglial reaction inside the tumor tissue, lower inset: Mild microglial reaction in the adjacent cortex (HLA-DR); (D) Diffuse nuclear and 
cytoplasmic p62 immunopositivity inside tumor cells (p62); (E) Enhanced p62-positivity around vascular proliferations (p62); (F) Intranuclear 
inclusions in a tumor cell (p62); (G) Diffuse granular cytoplasmic (lysosomal) pattern in small intratumoral cells resembling macrophages 
(p62); (H) Fibrillary cytoplasmic aggregate in a neuron of the adjacent cortex, corresponding to a neurofibrillary tangle (p62); (I) Diffuse 
nuclear astroglial positivity reminiscent of metabolic gliosis (p62). Scale bars: A, B: 3mm; C: 250 μm; E: 200 μm; D, I: 50 μm; F, G, H: 25 μm 
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and the so-called cognitive resilience is a topic of great 
scientific interest [31–33]. Indeed, although cognitive im-
pairment was noted in <10% of cases, we found ADNC 
in almost half of the cohort. Tau deposition was however 
mild in most cases [34], and only about one third had 
a Braak&Braak neurofibrillary stage >III. [15,16]. The 
most severe AD pathology was identified in a woman 
with presenile dementia, and in one patient with trisomy 
21, a condition that might also be associated with brain 
tumors [35]. Another case showed histological features 
of progressive supranuclear palsy (PSP) [36]. In this dis-
ease, tau pathology typically affects glial cells, which 
are usually the cells affected in glioblastoma. However, 
no such pathology was found in any other glioblastoma 
case. Due to the typical neuropathological distribution 
and typical clinical symptoms of PSP, it is likely that this 
patient had two different concurrent pathologies rather 
than a PSP-pathology induced by the tumor. The asso-
ciation of glioblastoma and PSP seems to be rare and, 
to our knowledge, has not been described before. Apart 
from these three unusual concurrences no unusual dis-
tribution pattern or extent of pathology was found.

Glioblastoma is an astrocytic tumor and the role 
of astrocytes, particularly in brain's homeostasis, 
is of growing interest in different neurodegenera-
tive conditions. One recently characterized astrog-
lial neurodegenerative pathology, which is commonly 
found in elderly people is ARTAG (Aging-related Tau 
Astrogliopathy) [37]. This pathology shares character-
istics with chronic traumatic encephalopathy (CTE), 
another tauopathy with astroglial and neuronal pathol-
ogy [38]. Recently, two patients with arachnoid cysts 
and a history of repetitive concussions were described 
to have extensive ARTAG and CTE-pathology. The 
authors suggest that chronic mechanical stress could 
represent another trigger of astrocytic tau pathology 
[39]. In our study about one third of glioblastoma pa-
tients exhibited mild ARTAG, but the frequency and 
distribution did not differ from both control groups.

Neither tau nor beta-amyloid pathology seemed to 
be restricted to or enhanced in the tumor itself or its 
immediate surroundings when compared to more dis-
tant regions, which does not support a causative link 
between glioblastoma and neurodegenerative changes 
as suggested for slowly growing, low grade tumors [8]. 
However, median disease duration in our cohort was 
only 2.5  months and only one patient with secondary 
glioblastoma survived 35  months. This single patient 
did, however, also not show more extensive neurodegen-
erative pathology.

In contrast, we found a surprisingly high accumula-
tion of p62 within the tumor tissue and in the immedi-
ate surroundings. p62 or sequestosome-1 (SQSTM1) is a 
protein, which binds ubiquitinated misfolded proteins to 
introduce them into the autophagosome allowing their 
degradation. It represents a link between the autophagy 
pathway and the ubiquitin-proteasome pathway [40]. 

p62-immunohistochemistry can be used as autophagy-
marker and can be found in different pathological in-
clusions in neurodegenerative diseases [41]. Autophagy 
has been a topic of increasing interest in the context 
of neurodegenerative diseases [42]. Astroglial p62-
immunoreactivity has been recently described to be up-
regulated in metabolic/hepatic gliosis/encephalopathy 
[24]. We observed a similar pattern in several cases that 
showed a nuclear astroglial upregulation of p62 in the 
gray matter directly adjacent to the tumor, most likely 
indicating some metabolic derangement of glial cells. 
We additionally found a nuclear and faint cytoplasmic 
staining of some tumor cells, especially in perivascular 
and perinecrotic areas, a pattern which has been previ-
ously described in glioblastoma [43,44]. Similar findings 
were observed in brain carcinoma metastasis but not in 
cerebral lymphoma or brain abscess, although the num-
ber of studied cases was too low to draw firm conclu-
sions. Chronic treatment effects of chemotherapy and 
radiotherapy on the CNS need to be also considered as 
possible cellular stressors. Temozolomide, the mostly 
used chemotherapy in glioblastoma, has been found to 
induce autophagy in glioblastoma [45]. In our study how-
ever, p62-densities did not differ between chemotherapy-
treated and un-treated patients, although this could be 
attributed to small sample size and biased inclusion of 
clinically undiagnosed cases.

Regarding microenvironmental inflammatory 
changes as potential influencing factor on neurodegen-
erative processes we also observed distinct HLA-DR 
immunoreactivity in most cases, as described previously 
[46]. Except for the long surviving secondary glioblas-
toma patient, all primary glioblastoma cases showed 
prominent microglia infiltration of the tumor and a 
milder microglial reaction in the adjacent brain tissue. 
Similar changes were observed in the non-glioblastoma 
space occupying lesions. These findings could suggest 
that a neuroinflammation-associated cell stress, inde-
pendently of the cause, could potentially lead to neuro-
degeneration in the lesion surroundings, as particular 
states of microglial activation may play a detrimental 
role in neurodegenerative processes [47–49].

Our study has several limitations. The retrospective 
and descriptive nature of this postmortem study does 
not allow the drawing of firm conclusions on mechanis-
tic aspects. Moreover, even if the study cohort is rela-
tively large, the interpretation of results is hampered by 
the non-homogenous type (primary and secondary glio-
blastomas) and location of the tumors (supratentorial 
and infratentorial location) as well as variable treatment 
regimes (elderly patients receiving no treatment [50]), 
and different disease durations. Of particular interest 
would be the analysis of a homogenous patient popula-
tion with long disease duration after effective treatments, 
to assess whether neurodegenerative pathologies are in-
deed more frequently observed in long-term survivors. 
Some epidemiological studies on the most prevalent 
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neurodegenerative disease, such as Alzheimer's disease, 
have reported an inverse relationship between cancer in 
general and Alzheimer's disease [51], while another study 
suggested a positive correlation between Alzheimer's 
disease and glioblastoma [52]. Parkinson's disease has 
been related to a higher incidence of some peripheral tu-
mors, including melanoma but also brain tumors [53–55].

With these limitations in mind, our post-mortem study 
shows that abnormal neurodegeneration-associated pro-
tein aggregates in glioblastoma patients are more likely 
related to silent, age-related conditions. However, both 
conditions glioblastoma and neurodegeneration may 
reflect a defective aging. Whether these two, apparently 
different pathways influence each other in one or the 
other direction is a matter of debate and needs further 
analyses. With increasing personalized treatments it 
is, however, important to be aware that cellular aging 
begins early in the brain, long before being clinically 
evident. Particular treatments, an altered autophagy 
pathway and a prominent microglial response within 
and/or around a brain tumor may be detrimental for the 
brain tissue and accelerate predisposing conditions.

ACK NOW LEDGM EN TS
This study was financed by a grant from the City of 
Vienna/Austria (“Hochschuljubiläumsfonds” grant 
number H-283459/2019), which was granted to SK. E.G. 
holds a grant from “Medizinisch-Wissenschaftlichen 
Fonds des Burgermeisters der Stadt Wien” (project 
no.18097). AW and GGK are principal investigators 
of WWTF life science project LS20-034. GGK is sup-
ported by the Rossy Foundation and the Edmond 
J. Safra Foundation, and by the Bishop Karl Golser 
Award. We thank the laboratory personnel for excel-
lent technical support. We are indebted to the patients 
and their families. We thank Daniel C. Bradley for 
proofreading the manuscript.

CON F LICTS OF I N T ER E ST
The authors declare no conflict of interest.

AU T HOR CON TR I BU T IONS
Drafting and conceptualization of the manuscript: Sigrid 
Klotz, Adelheid Wöhrer, Gabor G. Kovacs, Ellen Gelpi. 
Methodology: Sigrid Klotz, Gerda Ricken, Adelheid 
Wöhrer, Gabor G. Kovacs, Ellen Gelpi. Data collection: 
Sigrid Klotz, Matthias Preusser, Karin Dieckmann, 
Georg Widhalm, Karl Rössler, Peter Fischer, Ognian 
Kalev, Adelheid Wöhrer, Gabor G. Kovacs, Ellen Gelpi. 
Formal analysis Sigrid Klotz, Adelheid Wöhrer, Gabor 
G. Kovacs, Ellen Gelpi. Writing, reviewing and editing 
of the manuscript: Sigrid Klotz, Gerda Ricken, Matthias 
Preusser, Karin Dieckmann, Georg Widhalm, Karl 
Rössler, Peter Fischer, Ognian Kalev, Adelheid Wöhrer, 
Gabor G. Kovacs, Ellen Gelpi. Visualization: Sigrid 
Klotz, Gabor G. Kovacs, Ellen Gelpi. Supervision: 
Adelheid Wöhrer, Gabor G. Kovacs, Ellen Gelpi.

ET H IC S A PPROVA L
The study was performed in accordance with the 
Declaration of Helsinki and was approved by the Ethics 
Committee of the Medical University of Vienna (EK 
1636/2019).

DATA AVA I LA BI LI T Y STAT EM EN T
The data that support the findings of this study is avail-
able from the corresponding author upon reasonable 
request.

ORCI D
Sigrid Klotz   https://orcid.org/0000-0003-3096-2852 
Matthias Preusser   https://orcid.
org/0000-0003-3541-2315 
Gabor G. Kovacs   https://orcid.
org/0000-0003-3841-5511 
Ellen Gelpi   https://orcid.org/0000-0003-2948-4187 

R E F ER E NC E S
	 1.	 Reitz C, Brayne C, Mayeux R. Epidemiology of Alzheimer dis-

ease. Nat Rev Neurol. 2011;7:137–52.
	 2.	 Kovacs GG. Molecular pathological classification of neurode-

generative diseases: turning towards precision medicine. Int J 
Mol Sci. 2016;189:1–33.

	 3.	 Lin MT, Beal MF. Mitochondrial dysfunction and oxidative 
stress in neurodegenerative diseases. Nature. 2006;443:787–95.

	 4.	 Stephenson J, Nutma E, van der Valk P, Amor S. Inflammation in 
CNS neurodegenerative diseases. Immunology. 2018;154:204–19.

	 5.	 Ghemrawi R, Khair M. Endoplasmic reticulum stress and un-
folded protein response in neurodegenerative diseases. Int J Mol 
Sci. 2020;21:6127.

	 6.	 Hou Y, Dan X, Babbar M, Wei Y, Hasselbalch SG, Croteau DL, 
et al. Ageing as a risk factor for neurodegenerative disease. Nat 
Rev Neurol. 2019;15:565–81.

	 7.	 López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer 
G. The hallmarks of aging Europe PMC Funders Group. Cell. 
2013;153:1194–217.

	 8.	 Brat DJ, Gearing M, Goldthwaite PT, Wainer BH, Burger PC. 
Tau-associated neuropathology in ganglion cell tumours in-
creases with patient age but appears unrelated to ApoE geno-
type. Neuropathol Appl Neurobiol. 2001;27:197–205.

	 9.	 Soffer D, Umansky F, Goldman JE. Ganglioglioma with neuro-
fibrillary tangles (NFTs): neoplastic NFTs share antigenic deter-
minants with NFTs of Alzheimer’s disease. Acta Neuropathol. 
1995;89:451–3.

	10.	 Oberc-Greenwood MA, McKeever PE, Kornblith PL, Smith BH. 
A human ganglioglioma containing paired helical filaments. 
Hum Pathol. 1984;15:834–8.

	11.	 Goates JJ, Dickson DW, Horoupian DS. Meningioangiomatosis: 
an immunocytochemical study. Acta Neuropathol. 1991;82:527–32.

	12.	 Halper J, Scheithauer BW, Okazaki H, Laws ER. Meningio-
angiomatosis: a report of six cases with special reference to 
the occurrence of neurofibrillary tangles. J Neuropathol Exp 
Neurol. 1986;45:426–46.

	13.	 Nelson JS. Alzheimer pathology in elderly patients with glioblas-
toma multiforme. Arch Pathol Lab Med. 2002;126:1515–7.

	14.	 Colom-Cadena M, Grau-Rivera O, Planellas L, Cerquera C, 
Morenas E, Helgueta S, et al. Regional overlap of pathologies in 
Lewy body disorders. J Neuropathol Exp Neurol. 2017;76:216–24.

	15.	 Braak H, Braak E. Neuropathological stageing of Alzheimer-
related changes. Acta Neuropathol. 1991;82:239–59.

	16.	 Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Tredici 
K. Staging of Alzheimer disease-associated neurofibrillary 

https://orcid.org/0000-0003-3096-2852
https://orcid.org/0000-0003-3096-2852
https://orcid.org/0000-0003-3541-2315
https://orcid.org/0000-0003-3541-2315
https://orcid.org/0000-0003-3541-2315
https://orcid.org/0000-0003-3841-5511
https://orcid.org/0000-0003-3841-5511
https://orcid.org/0000-0003-3841-5511
https://orcid.org/0000-0003-2948-4187
https://orcid.org/0000-0003-2948-4187


      |  13 of 14NEURODEGENERATION IN GLIOBLASTOMA

pathology using paraffin sections and immunocytochemistry. 
Acta Neuropathol. 2006;112:389–404.

	17.	 Montine TJ, Phelps CH, Beach TG, Bigio EH, Cairns NJ, Dickson 
DW, et al. National institute on aging-Alzheimer’s association 
guidelines for the neuropathologic assessment of Alzheimer’s dis-
ease: a practical approach. Acta Neuropathol. 2012;123:1–11.

	18.	 Mirra SS, Heyman A, McKeel D, Sumi SM, Crain BJ, Brownlee 
LM, et al. The consortium to establish a registry for Alzheimer’s 
disease (CERAD): Part II. Standardization of the neuropathologic 
assessment of Alzheimer’s disease. Neurology. 1991;41:479–86.

	19.	 Thal DR, Rüb U, Orantes M, Braak H. Phases of Aβ-deposition 
in the human brain and its relevance for the development of AD. 
Neurology. 2002;58:1791–800.

	20.	 Thal DR, Ghebremedhin E, Rüb U, Yamaguchi H, Del Tredici 
K, Braak H. Two types of sporadic cerebral amyloid angiopathy. 
J Neuropathol Exp Neurol. 2002;61:282–93.

	21.	 Attems J, Toledo JB, Walker L, Gelpi E, Gentleman S, Halliday 
G, et al. Neuropathological consensus criteria for the evaluation 
of Lewy pathology in post-mortem brains: a multi-centre study. 
Acta Neuropathol. 2021;141:159–72.

	22.	 McKeith IG, Dickson DW, Lowe J, Emre M, O’Brien JT, 
Feldman H, et al. Diagnosis and management of dementia with 
Lewy bodies: third report of the DLB consortium. Neurology. 
2005;65:1863–72.

	23.	 Braak H, Ghebremedhin E, Rüb U, Bratzke H, Del Tredici K. 
Stages in the development of Parkinson’s disease-related pathol-
ogy. Cell Tissue Res. 2004;318:121–34.

	24.	 Gelpi E, Rahimi J, Klotz S, Schmid S, Ricken G, Forcen-Vega S, 
et al. The autophagic marker p62 highlights Alzheimer type II as-
trocytes in metabolic/hepatic encephalopathy. Neuropathology. 
2020;40:358–66.

	25.	 Zigman WB, Devenny DA, Krinsky-McHale SJ, Jenkins EC, 
Urv TK, Wegiel J, et al. Alzheimer’s disease in adults with Down 
syndrome. Int Rev Res Ment Retard. 2008;36:103–45.

	26.	 Gargini R, Segura-Collar B, Herránz B, García-Escudero V, 
Romero-Bravo A, Núñez FJ, et al. The IDH-TAU-EGFR triad 
defines the neovascular landscape of diffuse gliomas. Sci Transl 
Med. 2020;12:eaax1501.

	27.	 Lim S, Kim D, Ju S, Shin S, Cho IJ, Park SH, et al. Glioblastoma-
secreted soluble CD44 activates tau pathology in the brain. Exp 
Mol Med. 2018;50:1–11.

	28.	 Braak H, Thal DR, Ghebremedhin E, Del Tredici K. Stages of 
the pathologic process in Alzheimer disease: age categories from 
1 to 100 years. J Neuropathol Exp Neurol. 2011;70:960–9.

	29.	 Silverman W, Wisniewski H, Bobinski M, Wegiel J. Frequency 
of stages of Alzheimer-related lesions in different age categories. 
Neurobiol Aging. 1997;18:377–9.

	30.	 Braak H, Del Tredici K. The pathological process under-
lying Alzheimer’s disease in individuals under thirty. Acta 
Neuropathol. 2011;121:171–81.

	31.	 Jack CR, Holtzman DM. Biomarker modeling of Alzheimer’s 
disease. Neuron. 2013;80:1347–58.

	32.	 Arenaza-Urquijo EM, Vemuri P. Resistance vs resilience to 
Alzheimer disease. Neurology. 2018;90:695–703.

	33.	 Robinson JL, Corrada MM, Kovacs GG, Dominique M, Caswell 
C, Xie SX, et al. Non-Alzheimer’s contributions to dementia 
and cognitive resilience in The 90+ Study. Acta Neuropathol. 
2018;136:377–88.

	34.	 Braak H, Braak E. Staging of Alzheimer’s disease-related neuro-
fibrillary changes. Neurobiol Aging. 1995;16:271–8.

	35.	 Satgé D, Monteil P, Sasco AJ, Vital A, Ohgaki H, Geneix A, et al. 
Aspects of intracranial and spinal tumors in patients with Down 
syndrome and report of a rapidly progressing Grade 2 astrocy-
toma. Cancer. 2001;91:1458–66.

	36.	 Steele JC, Richardson JC, Olszewski J. Progressive supranuclear 
palsy: a heterogeneous degeneration involving the brain stem, 

basal ganglia and cerebellum with vertical gaze and pseudob-
ulbar palsy, nuchal dystonia and dementia. Arch Neurol. 
1964;10:333–59.

	37.	 Kovacs GG, Xie SX, Lee EB, Robinson JL, Caswell C, Irwin DJ, 
et al. Multisite assessment of aging-related tau astrogliopathy 
(ARTAG). J Neuropathol Exp Neurol. 2017;76:605–19.

	38.	 Arena JD, Smith DH, Lee EB, Gibbons GS, Irwin DJ, Robinson 
JL, et al. Tau immunophenotypes in chronic traumatic enceph-
alopathy recapitulate those of ageing and Alzheimer’s disease. 
Brain. 2020;143:1572–87.

	39.	 Bachstetter AD, Garrett FG, Jicha GA, Nelson PT. Space-
occupying brain lesions, trauma-related tau astrogliopathy, 
and ARTAG: a report of two cases and a literature review. Acta 
Neuropathol Commun. 2021;9:1–16.

	40.	 Danieli A, Martens S. P62-mediated phase separation at the in-
tersection of the ubiquitin-Proteasome system and autophagy.  
J Cell Sci. 2018;131.

	41.	 Trejo-Lopez JA, Sorrentino ZA, Riffe CJ, Prokop S, Dickson 
DW, Yachnis AT, et al. Generation and characterization of novel 
monoclonal antibodies targeting p62/sequestosome-1 across 
human neurodegenerative diseases. J Neuropathol Exp Neurol. 
2020;79:407–18.

	42.	 Martinez-Vicente M, Cuervo AM. Autophagy and neurodegen-
eration: when the cleaning crew goes on strike. Lancet Neurol. 
2007;6:352–61.

	43.	 Giatromanolaki A, Sivridis E, Mitrakas A, Kalamida D, Zois 
CE, Haider S, et al. Autophagy and lysosomal related protein 
expression patterns in human glioblastoma. Cancer Biol Ther. 
2014;15:1468–78.

	44.	 Jennewein L, Ronellenfitsch MW, Antonietti P, Ilina EI, Jung 
J, Stadel D, et al. Diagnostic and clinical relevance of the 
autophago-lysosomal network in human gliomas. Oncotarget. 
2016;7:20016–32.

	45.	 Kanzawa T, Germano IM, Komata T, Ito H, Kondo Y, Kondo 
S. Role of autophagy in temozolomide-induced cytotoxicity for 
malignant glioma cells. Cell Death Differ. 2004;11:448–57.

	46.	 Roggendorf W, Strupp S, Paulus W. Distribution and character-
ization of microglia/macrophages in human brain tumors. Acta 
Neuropathol. 1996;92:288–93.

	47.	 Ransohoff RM. How neuroinflammation contributes to neuro-
degeneration. Science. 2016;353:777–83.

	48.	 Hickman S, Izzy S, Sen P, Morsett L, El Khoury J. Microglia in 
neurodegeneration. Nat Neurosci. 2018;21:1359–69.

	49.	 Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, 
Vieira-Saecker A, et al. NLRP3 is activated in Alzheimer’s dis-
ease and contributes to pathology in APP/PS1 mice. Nature. 
2013;493:674–8.

	50.	 Chargari C, Feuvret L, Bauduceau O, Ricard D, Cuenca X, 
Delattre J-Y, et al. Treatment of elderly patients with glioblas-
toma: from clinical evidence to molecular highlights. Cancer 
Treat Rev. 2012;38:988–95.

	51.	 Roe CM, Behrens MI, Xiong C, Miller JP, Morris JC. Alzheimer 
disease and cancer. Neurology. 2005;64:895–8.

	52.	 Sánchez-Valle J, Tejero H, Ibáñez K, Portero JL, Krallinger M, 
Al-Shahrour F, et al. A molecular hypothesis to explain direct 
and inverse co-morbidities between Alzheimer’s disease, glio-
blastoma and lung cancer. Sci Rep. 2017;7:1–12.

	53.	 Filippou PS, Outeiro TF. Cancer and Parkinson’s disease: com-
mon targets, emerging hopes. Mov Disord. 2021;36:340–6.

	54.	 Lin P-Y, Chang S-N, Hsiao T-H, Huang B-T, Lin C-H, Yang P-
C. Association between Parkinson disease and risk of cancer in 
Taiwan. JAMA Oncol. 2015;1:633.

	55.	 Ong EL, Goldacre R, Goldacre M. Differential risks of cancer 
types in people with Parkinson's disease: a national record-
linkage study. Eur J Cancer. 2014;50:2456–62.



14 of 14  |      KLOTZ et al.

SU PPORT I NG I N FOR M AT ION
Additional supporting information may be found in the 
online version of the article at the publisher’s website.
 
TABLE S1 Clinical and demographic characteristics of 
control groups 

TABLE S2 Detailed mapping and semiquantitative 
assessment of immunohistochemical stainings of 
neurodegeneration-associated proteins, HLA-DR, CD68 
and p62 and staging of neurodegenerative pathologies

How to cite this article: Klotz S, Ricken G, 
Preusser M, Dieckmann K, Widhalm G, Rössler 
K, et al. Enhanced expression of autophagy-
related p62 without increased deposits of 
neurodegeneration-associated proteins in 
glioblastoma and surrounding tissue – An 
autopsy-based study. Brain Pathol. 2022;32:e13058. 
https://doi.org/10.1111/bpa.13058

https://doi.org/10.1111/bpa.13058

	Enhanced expression of autophagy-­related p62 without increased deposits of neurodegeneration-­associated proteins in glioblastoma and surrounding tissue –­ An autopsy-­based study
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Post-­mortem brain samples
	2.2|Immunhistochemical stainings
	2.3|Neuropathological examination

	3|RESULTS
	3.1|Patients’ characteristics
	3.2|Neuropathological examination
	3.2.1|Neurodegeneration-­associated proteins

	3.3|Microglial infiltration
	3.4|Autophagic marker p62
	3.5|Correlation with cognitive dysfunction and age groups

	4|DISCUSSION
	ACKNOWLEDGMENTS
	CONFLICTS OF INTEREST
	AUTHOR CONTRIBUTIONS
	ETHICS APPROVAL
	DATA AVAILABILITY STATEMENT

	REFERENCES


