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Abstract

Biondi bodies are filamentous amyloid inclusions of unknown composition in ependymal cells of the choroid plexuses,
ependymal cells lining cerebral ventricles and ependymal cells of the central canal of the spinal cord. Their formation is
age-dependent and they are commonly associated with a variety of neurodegenerative conditions, including Alzheimer’s
disease and Lewy body disorders. Here, we show that Biondi bodies are strongly immunoreactive with TMEM?239, an
antibody specific for inclusions of transmembrane protein 106B (TMEM106B). Biondi bodies were labelled by both this
antibody and the amyloid dye pFTAA. Many Biondi bodies were also labelled for TMEM106B and the lysosomal markers
Hexosaminidase A and Cathepsin D. By transmission immuno-electron microscopy, Biondi bodies of choroid plexuses were
decorated by TMEM?239 and were associated with structures that resembled residual bodies or secondary lysosomes. By
electron cryo-microscopy, TMEM106B filaments from Biondi bodies of choroid plexuses were similar (Biondi variant), but
not identical, to the fold I that was previously identified in filaments from brain parenchyma.
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Introduction

Ependymal cells are postmitotic, originate from radial glia
and line choroid plexuses, cerebral ventricles and the cen-
tral canal of the spinal cord [49, 57]. In choroid plexuses,
ependymal cells filter the blood and generate cerebrospi-
nal fluid (CSF), thus regulating the concentration of ions,
nutrients and other essential molecules. In the lining of the
ventricles and the central canal, multiciliated ependymal
cells play an essential role in the propulsion of the CSF.

As a function of age, human ependymal cells are prone
to degenerative changes that are most evident as argyro-
philic inclusions, which were first described by Del Rio
Hortega [14] and subsequently by Biondi [6, 7], after
whom they are named (Biondi bodies, Biondi ring tan-
gles and silver rings of Biondi). The amyloid nature of
Biondi bodies was established by Divry, who documented
the inclusions’ birefringency under polarised light in sec-
tions stained with Congo red [16]. This conclusion was
strengthened by the staining of Biondi bodies using the
amyloid dye Thioflavin S [30].

In 1966, Bargmann and Katritsis reported the first elec-
tron microscopic pictures of Biondi bodies from choroid
plexuses. They demonstrated that the inclusions are made
of filaments with a diameter of 10-15 nm [4]. The fine
structure of Biondi bodies from the human choroid plex-
uses was also studied using biopsy material [17, 39]. Elec-
tron-dense pigment granules and large lipid droplets were
associated with the filamentous structures leading to the
suggestion of a lysosomal origin of the inclusions [38, 39].
In addition to their presence in elderly individuals, Biondi
bodies have been described to occur concomitantly with
Alzheimer disease (AD), Lewy body disorders and other
neurodegenerative conditions [12, 34, 53, 55, 63]. Struc-
tures resembling Biondi bodies have also been described
in the human iris of individuals aged 60 or more and in
the choroid plexuses from an aged chimpanzee [40, 47].

Despite this long history, the chemical nature of the amyloid
filaments from Biondi bodies has remained unknown. Recently,
electron cryo-microscopy (cryo-EM) led to the identification
of previously unknown amyloid filaments from human brains
that form in an age-related manner and are made of residues
120-254 of the 274 amino acid protein TMEM106B [10, 21,
26, 29, 54]. TMEMI106B is a type II transmembrane protein
that is highly expressed in neurons and glia and is localised to
late endosomal/lysosomal compartments [42]. It remains to be
seen if the formation of TMEM106B filaments can influence the
development of neurodegenerative diseases. Interestingly, it has
been shown that crossing mouse lines that model diseases with
TDP-43 or tau inclusions with a line that is knockout for mouse
TMEM106B enhances the neurodegenerative phenotypes [18,
22,23, 64, 71]. It has been proposed that Biondi bodies are the
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earliest manifestation of cerebral amyloidosis [53]. Immunohis-
tochemical studies have described the presence of TMEM106B
inclusions in different cell types and brain regions, including the
epithelial cells of the choroid plexuses [43]. However, the link
with Biondi bodies was not made.

Here, we show that Biondi bodies are immunoreactive for
TMEM106B. By immunoblotting, we identified the 29 kDa
band that is diagnostic of TMEM106B filaments and Biondi
bodies were labelled by TMEM106B antibodies and the amy-
loid dye pFTAA. By double labelling immunofluorescence,
many Biondi bodies were also labelled for TMEM106B and
the lysosomal markers Hexosaminidase A and Cathepsin D.
By transmission immunoelectron microscopy of choroid plex-
uses, filaments were decorated by TMEM106B antibodies and
were often associated with structures resembling secondary lys-
osomes or residual bodies. By cryo-EM, we identified filaments
made of residues S120-G254 of TMEM 106B that were similar,
but not identical, to fold I (Biondi variant).

Materials and methods
Identification of cases

In the Dementia Laboratory at Indiana University, brain sec-
tions are routinely stained with Luxol Fast Blue with hae-
matoxylin—eosin (LFB-H&E) to assess the most relevant
histological and cellular characteristics of gray and white
matter providing important information about the pattern,
shape, and structure of cells in a tissue sample. Thioflavin
S, Bielschowsky and Bodian silver are used to identify neu-
rofibrillary pathology and Biondi bodies. In this study, we
used Thioflavin S staining for the identification of Biondi
bodies in the choroid plexuses and the ventricular ependyma.
Since calcifications of the choroid plexuses are known to be
associated with age, as shown by computerized tomography
[67], the histological analysis of choroid plexuses was aided
by the use of LFB-H&E to determine the presence of calci-
fications. The assessment of the presence of Biondi bodies
across cases was qualitative. A systematic analysis of the
brains and spinal cords from affected individuals, studied
neuropathologically between 1992 and 2024, yielded 1126
cases of disease (Table 1). The tissues were collected for past
and present research projects; therefore, limitations exist in
the representation of racial and ethnic diversity. Data were
collected on research subjects’ birth sex, race, ethnicity, ages
at death, and primary neuropathologic diagnoses (Table 1).
In cases of AD, we also used the Braak staging and CERAD
scores obtained during the diagnostic process [9, 35].

For statistical analyses, we used two-sample t-tests, Chi-
squared tests and analysis of variance (ANOVA). Logistic
regression models were used to assess whether differences
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Table 1 Cases by primary neuropathological diagnosis
Diagnosis Total Birth sex Age at death Biondi bodies
Female Male N/A Mean Min Max N/A + -
Alzheimer disease, Dominantly Inherited 27 14 13 0 51.2 34 76 1 15 12
Alzheimer disease, Sporadic 439 238 198 3 71.4 40 103 3 423 16
Diffuse Lewy body disease 139 41 98 0 78.5 58 95 0 137 2
Multiple system atrophy 6 2 0 71.5 52 83 0 6 0
FTLD-Tau, Hereditary 18 9 9 0 58.2 47 65 0 14 4
FTLD-Tau, Sporadic 78 34 44 0 723 49 94 0 74 4
FTLD-TDP-43, Hereditary 38 16 22 0 64.3 42 81 0 35 3
FTLD-TDP-43, Sporadic 23 14 0 68.1 50 92 0 20 3
Creutzfeldt-Jakob disease, Hereditary 9 5 4 0 61.7 42 85 0 7 2
Creutzfeldt-Jakob disease, Sporadic 115 65 50 0 65.3 33 91 0 93 22
Gerstmann-Striussler-Scheinker disease 30 12 17 1 53.9 38 73 1 15 15
Amyotrophic lateral sclerosis 14 4 10 0 64.6 49 77 0 14 0
Cerebrovascular disease 27 9 18 0 80.3 52 98 0 26 1
Miscellaneous 29 11 18 0 55.5 5 85 1 18 11
To be determined 134 45 74 15 66.3 14 96 18 108 26
TOTAL 1126 516 591 19 71.73 5 103 24 1005 121

Frontotemporal Lobar Degeneration (FTLD), TAR DNA-binding protein 43 (TDP-43), Positive (+), Negative (—)

in the incidence of Biondi bodies were related to the ages at
death, the birth sex or the primary neuropathological diagno-
ses. The analyses were carried out using SAS 9.4 software.

Modified Bielschowsky silver

Choroid plexuses and ependymal lining of the lateral ventri-
cles were analyzed from case 1 (Table 2) that was selected
from the archival cases that were stained using the modified
Bielschowsky silver method [5, 61]. Fixed tissue sections
were deparaffinised and hydrated for 3 min, placed in 50 ml
10% silver nitrate for 30 min and washed in water for 3 min.
Concentrated ammonium hydroxide was added dropwise,
followed by a 15 min incubation. The sections were then
washed in 0.1% ammonium hydroxide for 2 min, followed by
immersion in developer solution and silver hydroxide solu-
tion for 10 min. Next, the sections were washed with 0.1%
ammonium hydroxide for 2 min, followed by a 3 min wash in
water. They were then placed in 0.2% gold chloride for 5 min
and fixed in 5% sodium thiosulfate for 1 min. The sections
were washed with water, dehydrated using an increasing
alcohol series, put in xylene and mounted.

Bodian silver

Choroid plexuses were analyzed from case 2 (Table 2)
selected from archival cases stained using the Bodian silver
method carried out according to a published protocol [8,
441]. Sections from paraffin blocks were cut at 8 um, dried at
60° C for 2 h, deparaffinised in xylene and washed in graded

alcohols. The sections were treated with Protargol-S solu-
tion for 12-30 h, washed three times with water, treated with
hydroquinone/formalin solution for 15 min and washed with
water. They were then incubated in 0.2% gold chloride solu-
tion for 10-15 min, washed repeatedly with water, incubated
with 2% oxalic acid for 2—3 min, washed three times with
water and incubated with 5% sodium thiosulfate for 5-10 min.
The sections were dehydrated using a graded series of ethanol,
cleared with xylene and mounted on glass slides.

Thioflavin S

Choroid plexuses and ependymal lining of the lateral ventri-
cles from cases 1 and 24 (Table 2) and ependymal lining of
the central canal of the spinal cord from case 4 (Table 2) were
selected from the 1126 archival cases that were stained using
Thioflavin S following a described protocol [65]. Fixed tissue
sections were deparaffinised and incubated in 1% (w/v) Thi-
oflavin S (Sigma Fine Chemicals) in water for up to 10 min.
The sections were then rinsed in 80% (v/v) ethanol (twice for
1 min), followed by water and mounting in aqueous media.
Images were acquired using a Leica K5 microscope camera
mounted on a Leica THUNDER 3D tissue imager (Leica
Microsystems).

Immunohistochemistry

Choroid plexuses and ventricular ependyma from
36 cases including cases 3, 5 and 24 (Table 2) as well as the
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Table 2 Subset of Research Cases: 1-24 used for Figures; 1-48 used for TMEM106B Genotype at residue 185

Case TMEM106B Birth sex Age at death Primary neuropathological diagnosis
genotype (Years)
1 TT Female 81 Alzheimer disease, Sporadic la,1b,le,1f
2 SS Female 81 Alzheimer disease, Sporadic Sla,S1b
3 TT Female 87 Alzheimer disease, Sporadic lc,1d,1 g,1 h,2a,2b,2e,2f,3,5a, 9
4 TS Female 82 Alzheimer disease, Sporadic S2a,S2b,S2¢,S2d
5 TS Female 96 Alzheimer disease, Sporadic 2g2h
6 TT Male 67 FTLD-TDP Type A (GRN), Hereditary 4c
7 TS Female 93 Alzheimer disease, Sporadic 4d
8 TS Female 97 Alzheimer disease, Sporadic 4e,5b,6,8a,56
9 TT Female 63 FTLD-Tau, Hereditary 4a
10 TT Female 67 Alzheimer disease, Dominantly Inherited 4b
11 TT Male 93 Alzheimer disease, Sporadic 7,57a,S7b,S8a,S8b
12 TT Female 70 Alzheimer disease, Sporadic 3
13 TT Female 68 Alzheimer disease, Sporadic 3
14 TT Male 61 Alzheimer disease, Sporadic 3,9
15 TS Male 87 Diffuse Lewy body disease 3
16 TT Female 91 Alzheimer disease, Sporadic 3
17 TT Male 70 Alzheimer disease, Sporadic 3
18 TT Male 57 Alzheimer disease, Sporadic 3
19 TT Female 70 Alzheimer disease, Sporadic 3
20 TT Female 60 Alzheimer disease, Sporadic 3,9
21 TS Female 85 Alzheimer disease, Sporadic 2¢,2d
22 TS Male 78 Alzheimer disease, Sporadic 4f,S5a,S5b
23 TS Female 71 Alzheimer disease, Sporadic 8b
24 TT Male 61 Alzheimer disease, Sporadic S4a,S4b,S4¢,S4d
25 TT Female 50 FTLD-TDP43, Hereditary N/A
26 TT Female 75 FTLD-TDP43, Hereditary N/A
27 TT Female 42 FTLD-TDP43, Hereditary N/A
28 TT Female 59 FTLD-TDP43, Hereditary N/A
29 TT Male 34 To be determined N/A
30 TT Female 66 FTLD-Tau, Sporadic N/A
31 TT Male 91 To be determined N/A
32 TT Female 58 Alzheimer disease, Sporadic N/A
33 TT Male 63 Alzheimer disease, Sporadic N/A
34 TT Male 64 Diffuse Lewy body disease N/A
35 TS Male 80 Diffuse Lewy body disease N/A
36 TS Male 74 To Be Determined N/A
37 TS Female 66 FTLD-TDP43, Hereditary N/A
38 TS Male 84 To be determined N/A
39 TS Female 43 Alzheimer disease, Hereditary N/A
40 TS Male 76 To be determined N/A
41 TS Female 80 To be determined N/A
42 TS Male 59 Alzheimer disease, Sporadic N/A
43 TS Female 54 Alzheimer disease, Hereditary N/A
44 TS Male 74 To be determined N/A
45 SS Female 82 To be determined N/A
46 SS Male 79 To be determined N/A
47 SS Male 63 Diffuse Lewy body disease N/A
48 SS Female 44 Alzheimer disease, Hereditary N/A

Frontotemporal Lobar Degeneration (FTLD), TAR DNA-binding protein 43 (TDP-43), Granulin (GRN)
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ependyma of the central canal of the spinal cord from case
4 (Table 2) were selected from the archival cases and new
sections (8 pm) were used. The following anti-TMEM106B
antibodies were used: TMEM?239 (1:500), a rabbit poly-
clonal antibody raised against a synthetic peptide corre-
sponding to residues 239-250 of human TMEM106B [54];
A303-439A (1:200), a mouse monoclonal antibody specific
for the N-terminal 50 amino acids of human TMEM106B
(Bethyl Laboratories); TMEM263 (1:200), a rabbit poly-
clonal antibody raised against a synthetic peptide corre-
sponding to residues 263-274 of human TMEMI106B [3].
Ependymal cells from the choroid plexuses and ventricu-
lar ependyma from 31 of the cases studied were immu-
nopositive with antibody TMEM?239. These cases were
diagnosed as AD as well as a-synuclein, tau and TDP-43
proteinopathies. A heat-induced epitope retrieval (HIER)
with a "Diva Decloaker" solution (BioCare) was used in an
antigen retrieval chamber (BioCare). In addition, five cases
free of Biondi bodies were used as negative controls. Immu-
nohistochemistry was also carried out using the following
monoclonal antibodies: AT8 (Invitrogen) (1:300) specific for
phospho-tau (pS202, pT205), NAB228 (Invitrogen) (1:200)
specific for AP, pS409/410 (Cosmo Bio) (1:1000) specific
for phospho-TDP-43, pS129 ASYN (Abcam) (1:800) spe-
cific for phospho-a-synuclein, and 3F4 (BioLegend) (1:500)
specific for prion protein (PrP). In addition, the following
polyclonal antibodies were used: anti-IBA1 (BioCare)
(1:200) specific for microglia, and anti-GFAP (BioCare)
(1:100) specific for astrocytes. The signal from the antibod-
ies was visualized using avidin—biotin followed by horserad-
ish peroxidase-conjugated streptavidin and the chromogen
diaminobenzidine. Sections were counterstained with hema-
toxylin to show nuclear and cytoplasmic structures. Images
were acquired using a Leica DFC7000T camera mounted on
a Leica DMR microscope.

Double labelling

Choroid plexuses from cases 6—10 and 22 (Table 2) were
selected for TMEM106B and pFTAA double labelling
fluorescence. Following overnight incubation with anti-
TMEM106B antibodies (TMEM?239, A303-439A or
TMEM263), the sections were washed in PBS and incu-
bated with Alexa Fluor 647-conjugated secondary antibody
(1:250, Invitrogen) and with 3 uM of the amyloid dye pen-
tamer-formyl thiophene acetic acid (pFTAA) [2] for 2 h at
room temperature. Nuclei were counterstained with Hoechst
dye (2.5 pg/ml, Sigma Fine Chemicals) for 15 min at room
temperature. Following washing in PBS, the sections were
treated with TrueBlack lipofuscin autofluorescence quencher
(Biotum) for 2 min at room temperature. After washing in
PBS, they were coverslipped with Fluoromount-G mount-
ing medium (Southern Biotech). Images were captured on a

Leica Stellaris 8 confocal microscope and processed using
Image J.

Choroid plexuses from case 8 (Table 2) were selected
for TMEM106B and Cathepsin D double labelling immu-
nohistochemistry. Following overnight incubation with
anti-TMEM106B antibodies (TMEM239, A303-439A or
TMEM?263) and Cathepsin D antibody (1:300, Santa Cruz),
the sections were washed in PBS and incubated with Alexa
Fluor conjugated secondary antibodies (1:250, Invitrogen).
Nuclei were counterstained with Hoechst dye for 15 min at
room temperature. Following washing in PBS, the sections
were treated with TrueBlack lipofuscin autofluorescence
quencher (Biotum) for 2 min at room temperature. After
washing in PBS, they were cover-slipped with Fluoromount-
G mounting medium (Southern Biotech). Images were cap-
tured on a Leica Stellaris 8 confocal microscope and pro-
cessed using Image J.

Choroid plexuses from case 3 (Table 2) were selected
for TMEM106B and Hexosaminidase A double labelling
immunohistochemistry. Paraffin sections were processed
from xylene to alcohol to water and then placed into a “Diva
Decloaker” solution [BioCare] and run at 110° C for 30 min
in the pressure chamber. Slides were cooled and placed in
PBS for 5 min. They were then placed into light-resistant
chambers for staining. Both antibodies were mixed into one
solution of TMEM?239 (1:500) and Hexosaminidase A (1:50,
R&D Systems) diluted with PBS. The slides were incubated
in the chamber for 30 min, rinsed with PBS and incubated
for 30 min with the secondary antibodies, which were either
rabbit-conjugated Alexa fluor 488 (1:200, Invitrogen) or
mouse-conjugated Alexa fluor 594 (1:200, Invitrogen). The
slides were then rinsed with PBS and mounted with ProL.ong
gold with DAPI mounting media.

Choroid plexuses from case 22 (Table 2) were used as
negative controls. The primary antibody TMEM?239 was
omitted, to exclude potential artifacts.

Immunoelectron microscopy

Choroid plexuses from ten cases (Table 2) were processed
for transmission and immunoelectron microscopy. One mm?
formalin-fixed tissue blocks were dissected and post-fixed
using 2.5% glutaraldehyde and 2% paraformaldehyde over-
night at 4° C. The fixatives were then washed away with
cacodylate buffer. Additional fixation was carried out using
1% osmium tetroxide and 1.5% potassium ferrocyanide in
cacodylate buffer for 1 h at room temperature. Samples were
dehydrated using a graded alcohol series, incubated in pro-
pylene oxide for 30 min and embedded in EPON resin. The
resin-embedded samples were then polymerised at 60° C for
48 h. Ultrathin sections (70 nm) were cut using a diamond
knife and placed on 200 mesh nickel grids (EM Sciences
FCF200-Ni). The grids were floated on blocking solution
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(0.1% BSA-cacodylate in PBS) for 1 h at room temperature,
followed by incubation with antibody TMEM239 (1:100)
in blocking solution at 4° C overnight. Excess primary anti-
body was removed with wash buffer (0.01% BSA-cacodylate
in PBS). The grids were floated on either 10 nm or 25 nm
immunogold gold particles conjugated to goat-anti-rabbit
secondary antibodies (EM Sciences 25,109) (1:40) in block-
ing solution for 2 h at room temperature. Excess secondary
antibody was removed with wash buffer, followed by water.
The sections were contrasted for 1 min with Uranyless (EM
Sciences), washed with water, blotted and dried in a vacuum
desiccator for 1 h before imaging. Images were captured on
a Tecnai 12 transmission electron microscope operated at
80 kV with a Hamamatsu Orca HR CCD camera.

Genomic analysis

Genomic DNA was extracted from the brains of 48 cases,
as described [58] (Table 2). A 470 nucleotide amplicon
surrounding coding base 554 of the TMEM106B gene
(NM_018374.4:¢.554G), which is the central base of the
codon encoding amino acid 185 (NP_060844.2:p.T185), was
amplified by polymerase chain reaction (PCR). The PCR
products were screened by agarose gel electrophoresis and
sequenced. Oligonucleotides were: 5’-GGTTTAATTTTC
TTTGACATTTTGG-3’ (forward) and 5’-GGCTCAAGC
AGTCCACTGAG-3’ (reverse).

Filament extraction

Sarkosyl-insoluble material was extracted, as described
[59], from the choroid plexuses of ten cases (numbers 3
and 12-20, Table 2), as well as from the ependymal lining
of the lateral ventricles of two of these cases (numbers 3
and 12). Tissues were homogenised in 20 vol (w/v) buffer
A (10 mM Tris—-HCI, pH 7.4, 0.8 M NaCl, 10% sucrose
and 1 mM EGTA), brought to 2% sarkosyl and incubated
at 37° C for 30 min. The samples were centrifuged at
10,000 g for 10 min, followed by spinning of the super-
natants at 100,000 g for 20 min. Pellets were resuspended
in buffer A (700 pl/g tissue) and centrifuged at 5,000 g for
5 min. The supernatants were diluted threefold in buffer B
(50 mM Tris—HCI, pH 7.4, 0.15 M NaCl, 10% sucrose and
0.2% sarkosyl), followed by a 30 min spin at 166,000 g. For
cryo-EM, the pellets were resuspended in 50 ul/g buffer C
(20 mM Tris—HCI, pH 7.4, 100 mM NaCl).

Immunoblotting
Immunoblotting of the sarkosyl-insoluble fractions was car-
ried out as described [54]. Briefly, sarkosyl-insoluble pellets

were diluted 1:3 and sonicated for 10 min. Samples were
resolved on 4-12% Bis—Tris gels (NuPage) and antibody
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TMEM?239 (1:2,000) was diluted in PBS plus 0.1% Tween-
20 and 1% BSA. To enhance the signal, membranes were
boiled in PBS for 10 min at 95 °C.

Electron cryo-microscopy

Cryo-EM was carried out using the sarkosyl-insoluble frac-
tions from cases 3, 14, and 20 (Table 2). For cases 14 and 20,
we dissected the choroid plexuses; for case 3, we dissected
the ventricular ependyma at the level of the temporal horn of
the lateral ventricle along with some subependymal paren-
chymal brain tissue. Cryo-EM grids (Quantifoil 1.2/1.3, 300
mesh) were glow-discharged for 1 min using an Edwards
(S150B) sputter coater. Three ul of the sarkosyl-insoluble
fractions were applied to glow-discharged grids, followed
by blotting with filter paper and plunge-freezing into liquid
ethane using a Vitrobot Mark IV (Thermo Fisher Scientific)
at 4° C and 100% humidity. Cryo-EM images were acquired
on a Titan Krios G2 (Thermo Fisher Scientific) operated at
300 kV and equipped with a Falcon-4 direct electron detec-
tor. Images were recorded for 2 s in electron event represen-
tation format (EER) [24], with a total dose of 30 electrons/
A? and a pixel size of 0.824 A.

Data processing

Datasets were processed in RELION using standard helical
reconstruction [25, 31]. Movie frames were gain-corrected,
aligned and dose-weighted using RELION’s own motion
correction programme [72]. Contrast transfer function
(CTF) was estimated using CTFFINDA4.1 [48]. Filaments
were picked manually. Reference-free 2D classification was
carried out to select suitable segments for further process-
ing. Initial models for Alzheimer tau and TMEM106B fila-
ment folds were generated de novo from 2D class average
images using relion_helix_inimodel2d [50]. In addition,
the TMEM106B fold I map from AD (EMD-14174 [54])
was used for the refinement of TMEM106B filaments.
Three-dimensional auto-refinements were performed in
RELION-4.0 and the helical twist and rise were refined
using local searches. Bayesian polishing and CTF refine-
ment were used to further improve resolutions [73]. The
final maps were sharpened using post-processing proce-
dures in RELION-4.0 and resolution estimates were cal-
culated based on Fourier shell correlation (FSC) between
two independently refined half-maps at 0.143 [51]. We used
relion_helix_toolbox to impose helical symmetry on the
post-processing maps.

Model building and refinement

The atomic model of the TMEM106B fold I structure
(PDB:7QVC) was docked manually in the density and
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modified using Coot [19]. Model refinement was performed
using ISOLDE [13], Servalcat [68] and REFMACS [36, 37].
The model was validated with MolProbity [11]. Figures were
prepared with ChimeraX [45] and PyMOL [60].

Results
Disease cases

Ependymal cells lining the choroid plexuses, the ventricles
and the central canal of the spinal cord are present in tissue
blocks taken at the level of anatomical areas that face the
ventricles or that contain the central canal. A systematic
analysis from 1992 to 2024 yielded 1126 cases that were
stained using Thioflavin S as part of the diagnostic process
(Table 1). The neuropathological diagnoses included domi-
nantly inherited and sporadic AD, diffuse Lewy body dis-
ease (DLBD), multiple system atrophy (MSA), dominantly
inherited and sporadic forms of frontotemporal lobar degen-
eration (FTLD) associated with tau or TDP-43 inclusions,
dominantly inherited and sporadic Creutzfeldt-Jakob dis-
ease (CJD), Gerstmann-Striussler-Scheinker disease (GSS),
amyotrophic lateral sclerosis (ALS) and cerebrovascular

disease (CVD), as well as rare neurodegenerative diseases
(miscellaneous) and conditions that remain unclassified (to
be determined). Of the 1126 cases, 1005 (89.2%) had Biondi
bodies in the ependymal lining of the choroid plexuses and/
or the ventricles. Biondi bodies were present in Caucasians,
Asians, African-Americans and Hispanics.

Upon identifying the cases that had the necessary data
elements (neuropathological classification, presence of
ependyma, age at death, and birth sex), as well as a suitable
number of cases per disease group, 927 cases were used for
statistical analyses. At death individuals with Biondi bodies
were significantly older than those without [75.2 (SD 10.8)
years with Biondi bodies versus 53.3 (SD 10.2) years with-
out Biondi bodies, p <0.0001]. Four individuals with Biondi
bodies died at an age (34, 37, 42 and 44 years) earlier than
the average. They had the following diseases: familial
encephalopathy with neuroserpin inclusion bodies (FENIB)
associated with the SERPINII 1L47P mutation; dominantly
inherited AD associated with PSENI mutation M233V; spo-
radic CJD; dominantly inherited AD associated with PSENI
mutation A431E mutation. There were no statistically signif-
icant associations between the neuropathological diagnoses
and the presence of Biondi bodies when adjusting for age at
death and birth sex. Analysis of the data from 329 cases of

Fig. 1 Histopathology of Biondi bodies using Bielschowsky silver
and Thioflavin S. Choroid plexuses (a,d) and ependymal linings of
the lateral ventricle (e,h) from cases 1 and 3 were stained with modi-
fied Bielschowsky silver (a,b,e,f) and Thioflavin S (c,d,gh). Biondi

bodies are seen in the cytoplasm of ependymal cells as argyrophilic
(a,b,e,f) or fluorescent (c,d,g,h) inclusions. Arrows (a,d,e,h) point to
Biondi bodies seen at high power in b, ¢, f and g. Scale bars: 10 um
(a,e;h), 3 um (b), 5 um (c.f,g), and 25 um (d)
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AD revealed that there was no difference in Braak staging
and CERAD scores between cases with or without Biondi
bodies in the choroid plexuses.

We analyzed 67 cases with or without Biondi bodies in
the choroid plexuses for the presence of calcifications. The
cases were selected to include a wide variety of neuropatho-
logical diagnoses, as well as a range of ages at death. Cho-
roid plexuses were examined by light microscopy in sections
stained with LFB-H&E and the calcifications were identified
for their specific locations, shapes and quantities. We found
that approximately 80% of these cases were positive for cal-
cifications, independently of the presence of Biondi bodies.

Biondi bodies can be detected using Thioflavin S, modi-
fied Bielschowsky silver and Bodian silver (Fig. 1, Supple-
mentary Fig. 1). We show choroid plexuses and ventricular
ependyma from case 1 (Table 2) that were stained with the
modified Bielschowsky silver staining technique and Thio-
flavin S (Fig. 1a,d,e.h). Higher power pictures of ependymal
cells (Fig. 1b,c,f,g) illustrate the diversity in shape of Biondi
bodies. We also show choroid plexuses from case 2 stained
with Bodian silver (Supplementary Fig. 1a,b).

Biondi bodies are immunoreactive for TMEM106B

Antibody TMEM?239, which labels TMEM106B inclusions
[3, 54], gave strong staining of Biondi bodies in the ependy-
mal cells of the choroid plexuses, as well as in ependymal
cells lining the lateral ventricles and the central canal of the

Cases 3 3(E)1212(E) 13 14 15 Cases 16 17 18 19 20
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Fig.3 Immunoblotting of Biondi bodies using antibody TMEM?239
and genotyping. Sarkosyl-insoluble extracts from the choroid plex-
uses of cases 3 and 12-20 and extracts from the ependymal linings of
the lateral ventricles from cases 3 and 12 were immunoblotted using
antibody TMEM239, which labels TMEMI106B inclusions specifi-
cally. All extracts showed an immunoreactive band of 29 kDa, diag-
nostic of the presence of TMEM106B filaments

spinal cord (Fig. 2a-h; Supplementary Fig. 2a-d). Cases 3
and 5 were used for the choroid plexuses and the linings
of the lateral ventricles and case 4 was used for the central
canal of the spinal cord (Table 2).

Fig.2 Immunohistochemistry of Biondi bodies using antibody
TMEM239. Choroid plexuses (a,c) and ependymal linings of the lat-
eral ventricle (e,h) from cases 3 and 5 were stained using antibody
TMEM239, which labels TMEM106B inclusions specifically. Immu-

@ Springer

noreactive Biondi bodies are seen in (a-h). Biondi bodies are seen at
high power (b,d.f,g) and arrows in c, e, and h point to Biondi bodies
seen in d, f and g. Scale bars: 25 pm (a), 5 um (b,f,g), 10 um (c,e,h),
and 2.5 um (d)
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Fig.4 Double-labelling of cho-
roid plexuses with Biondi bod-
ies using antibody TMEM239
and amyloid dye pFTAA.
Choroid plexuses from cases
6-10 and 22. a-f, The panels on
the left show single-labelling
immunofluorescence by anti-
body TMEM239 (red); the mid-
dle panels show single-labelling
fluorescence by the amyloid dye
pFTAA (green); the panels on
the right show double-labelling
by TMEM239 and pFTAA, with
the yellow colour appearing
when TMEM239 fluorescence
and pFTAA fluorescence merge.
Nuclei were labelled using
Hoechst dye (blue). Scale bar,
20 um

[

TMEM239

pFTAA

Hoechst Merged
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Hexosaminidase A

TMEM239

DAPI Merged

Cathepsin D

Fig.5 Immunohistochemistry of Biondi bodies in choroid plexuses
using double labelling with an anti-Hexosaminidase A antibody and
antibody TMEM239, as well as with an anti-Cathepsin D antibody
and antibody TMEM239. Choroid plexuses from cases 3 and 8. a,
The panel on the left shows single-labelling immunofluorescence by
anti-Hexosaminidase A antibody (red); the middle panel shows sin-
gle-labelling immunofluorescence by antibody TMEM?239 (green);
the panel on the right shows double-labelling by anti-Hexosaminidase

By immunoblotting, TMEM239 gives a band of 29 kDa
that is diagnostic of TMEM106B filaments [54]. We used
cases 3 and 12-20 (Table 2) to show the presence of the
29 kDa band in choroid plexuses (Fig. 3); we also used cases
3 and 12 to look for the 29 kDa band in the ependymal lining
of the lateral ventricles. Genotyping showed that of the ten
cases studied by immunoblotting, nine were homozygous for

@ Springer

TMEM239

Hoechst Merged

A antibody and antibody TMEM239, with the yellow colour indicat-
ing colocalisation. Nuclei were labelled using DAPI (blue). Scale bar,
25 um. b, The panels on the left show single-labelling immunofluo-
rescence by anti-Cathepsin D antibody (red); the middle panels show
single-labelling immunofluorescence by antibody TMEM239 (green);
the panels on the right show double-labelling, with the yellow col-
our indicating colocalisation. Nuclei were labelled using Hoechst dye
(blue). Scale bar, 10 pm

guanine at position c¢.554, expressing TMEM106B protein
with T185. Only case 15 was heterozygous, thus expressing
TMEM106B protein with T185 and S185 (Fig. 3). Labelling
with the amyloid dye pFTAA showed co-localisation with
TMEM?2309 staining (Fig. 4 (a-f)). Cases 610 and 22 were
used (Table 2). In contrast, there was no co-localisation of
pFTAA fluorescence and labelling by antibodies specific for
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Fig.6 Immunoelectron microscopy of a Biondi body. Choroid plex-
uses from case 8 and anti-TMEMI106B antibody TMEM239. The
cytoplasm of an ependymal cell contains a round body made of osmi-
ophilic and electron-lucent areas that are surrounded by a crescent-
shaped bundle of filaments (interpreted as a Biondi body) decorated
by gold particles. The round body has the appearance of a secondary
lysosome or a residual body. The nucleus of the cell and numerous
mitochondria are seen around the inclusion. Scale bar, 1 pm

the N-terminal (A303-439A) and C-terminal (TMEM?263)
regions of TMEM106B (Supplementary Fig. 3) [3, 54].

Double labelling with the lysosomal markers Hexosami-
nidase A (Fig. 5a) or Cathepsin D (Fig. 5b) and TMEM?239
showed cellular structures labelled with one or the other
antibody as well as structures, including many Biondi bod-
ies, that showed co-localisation of both markers. Cases 3 and
8 were used (Table 2). Cases without Biondi bodies did not
show TMEM239 staining in the cytoplasm of ependymal
cells in choroid plexuses or in the ventricular lining. This
was consistent with the lack of fluorescence using Thiofla-
vin S (Supplementary Fig. 4a-d). No immunopositivity was
detected in sections labelled in the absence of TMEM239
(Supplementary Fig. 5 a,b). No immunopositivity was
detected in any region of the ependymal lining using anti-
bodies specific for proteins related to neurodegeneration:
tau (AT8), Ap (NAB228), TDP-43 (pS409/410), a-synuclein
(pS129 ASYN), prion protein (3F4), ionized calcium bind-
ing adaptor molecule 1 (IBA1) and glial fibrillary acidic
protein (GFAP).

Immunoelectron microscopy of TMEM106B
filaments in Biondi bodies

Three cases were selected for Figures (numbers 8, 11, and
23, Table 2). The most frequent finding in ependymal cells
of the choroid plexuses was that of large intracytoplasmic
inclusions that were composed of two parts: bundles of fila-
ments were closely associated with osmiophilic dense bodies
that often contained electron-lucent areas and were reminis-
cent of secondary lysosomes and residual bodies. Filament
bundles were decorated by gold particles following incu-
bation with TMEM239 and secondary antibody; they had
a ring, crescent-like or irregular shape and resembled the
Biondi bodies seen by light microscopy. Small filament bun-
dles were also present in the cytoplasm, independently of a
cellular organelle. The osmiophilic bodies were reminiscent
of secondary lysosomes and residual bodies. Figure 6 shows
a portion of the cell body of an ependymal cell including the
nucleus, numerous mitochondria and a large round structure
made of dense osmiophilic material and four electron-lucent
or vacuolar areas. The large round structure had the appear-
ance of a secondary lysosome or a residual body that was
adherent to a crescent moon-shaped bundle of filaments dec-
orated by gold particles following incubation with antibody
TMEM239. Figure 7 shows a Biondi ring made of filaments
decorated by gold particles surrounding a large inclusion
made of osmiophilic material and an electron-lucent area
reminiscent of a residual body. The osmiophilic inclusion,
also decorated by gold particles, contains filaments seen
in cross-section. The filaments decorated by gold particles
measured approximately 10 nm in diameter.

Figure 8a shows a large membrane-bound oval-shaped
body containing numerous round osmiophilic bodies and
an electron-lucent area. The entire structure is decorated
by gold particles and in the upper part, near the membrane,
bundles of filaments can also be seen. Figure 8b shows the
portion of an ependymal cell in which the main structures
are multiple osmiophilic bodies of different dimensions,
some were round and large and one had an irregular shape.
They were closely connected with a large bundle of deco-
rated filaments intermixed with some of the smaller osmio-
philic bodies. Supplementary Fig. 6 shows the cell body
of an ependymal cell containing a round body made of
osmiophilic material that was closely related to a bundle of
filaments decorated by gold particles and was reminiscent
of a phrygian cap. The osmiophilic body had the appear-
ance of a secondary lysosome or a residual body. Around
the inclusion, the cell nucleus and mitochondria could be
seen. Supplementary Fig. 7a shows a large round structure
reminiscent of a residual body that was associated with
two bundles of filaments decorated by gold particles. In
addition, a smaller bundle of filaments, which was also
decorated by gold particles, but was not associated with
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Fig. 7 Immunoelectron microscopy of a Biondi body. Choroid plex-
uses from case 8 and anti-TMEM106B antibody TMEM239. A
Biondi body is shown that consists of a ring of filaments decorated
by gold particles surrounding a large osmiophilic inclusion. Note that

osmiophilic material, can be seen in the lower part. Sup-
plementary Fig. 7b shows a high power view of the bun-
dles of filaments seen on the left of Supplementary Fig. 7a.
The filaments can be seen longitudinally; next to them,
round structures with an osmiophilic core are also visible
that we interpret to be filaments in cross section. The fila-
ments in the bundles decorated by gold particles measured
approximately 10 nm in diameter. Supplementary Fig. 8a
shows a Biondi ring made of filaments decorated by gold
particles that surrounds a large inclusion made of osmio-
philic material and an electron-lucent area. Supplementary
Fig. 8b shows a bundle of filaments decorated by gold par-
ticles that were intermixed with round osmiophilic bodies.
All filamentous inclusions in the ependymal cells of the
choroid plexuses were decorated by gold particles follow-
ing incubation with antibody TMEM239.

@ Springer

the large osmiophilic inclusion, also decorated by gold particles, con-
tains what we interpret to be filaments seen in cross-section. Smaller
osmiophilic inclusions are intermixed with the filaments. Scale bar,
500 nm

Cryo-EM structures of TMEM106B filaments
from Biondi bodies

The cryo-EM cross-sections of filaments from the sarkosyl-
insoluble fractions of the choroid plexuses from individuals
with sporadic AD (cases 3, 14 and 20, Table 2) are shown
(Fig. 9a). In case 3, the majority of filaments (61%) had the
Alzheimer tau fold. This is probably a reflection of the sam-
pling of the ventricular ependyma at the level of the tempo-
ral horn of the lateral ventricle, adjacent to the hippocampus.
In dissecting the ventricular ependyma, it is unavoidable
to include subependymal parenchyma containing neurons.
Ependymal cells were not labelled by the anti-tau anti-
body ATS, unlike what has been reported [27]. A minority
of filaments (8%) from case 14 could not be identified with
certainty. In all three cases, the same TMEM106B filament
fold was observed that was similar, but not identical, to the
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Fig. 8 Immunoelectron micros-
copy of Biondi bodies. Choroid
plexuses from cases 8 and 23
and anti-TMEM106B antibody
TMEM?239. a, A membrane-
bound, oval-shaped inclusion is
decorated by gold particles and
contains round osmiophilic bod-
ies, an electron-lucent area and
wisps of filaments. Two bundles
of filaments decorated by gold
particles are seen outside the
membrane-bound inclusion.
Scale bar, 1 um b, Multiple
osmiophilic bodies of different
sizes are intermixed with a large
bundle of filaments decorated
by gold particles. Scale bar,

1 ym
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Fig.9 Cryo-EM structure of TMEMI106B filaments from Biondi
bodies. Choroid plexuses from cases 3, 14 and 20. a, Cross-section
through the cryo-EM reconstructions, perpendicular to the helical
axis and with a projected thickness of approximately one rung, is
shown for the filaments from the sarkosyl-insoluble fractions. The
fractions of each filament type and the resolutions are indicated at the
top right and bottom left corners, respectively. Scale bars, 5 nm. b,
Cryo-EM density map (in transparent grey) and atomic model of the

previously described TMEM106B fold I [54]. The structures
of this fold I Biondi variant were determined with resolu-
tions up to 2.6 A (Fig. 9b). Like the previous folds, it extends
from S120-G254 of TMEM106B. However, it differs from
the original fold I by a 4 A shift of an extended segment
between glycosylated residues N164 and N183 along its
main chain towards the N-terminus and a concomitant
rotation of the side chain of F237 in the opposite direction
(Fig. 9¢). The shift of this segment reduces the size of a large
cavity, walled by its C-terminal part, and expands a small
cavity near its N-terminus. The larger cavity is surrounded
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TMEM106B filament fold (cyan) from case 20. The amino- and car-
boxy-terminal residues S120 and G254, glycosylated residues N145,
N151, N164 and N183, as well as residue T185 are labelled. ¢, Com-
parison of the TMEM106B fold from choroid plexuses of case 20
(cyan) with fold I of TMEM106B filaments from brain parenchyma
(orange, PDB:7QVC). The divergent parts of the two folds are shown
in sticks. In the rest, both folds are identical. The structures and orien-
tations of their cropped-out parts are as in (b)

by mostly non-polar side chains and contains two rod-like
non-proteinaceous densities, which run parallel to the fila-
ment axis. Their size and chemical environment are com-
patible with the presence of two acyl chains of a lipid mol-
ecule. The smaller cavity, which is surrounded by negatively
charged and neutral polar groups, contains two rows of small
discrete densities that may correspond to ordered solvent
molecules, such as ions and water (Fig. 9b). See Supplemen-
tary Table 1 and Supplementary Fig. 8 for further details.
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Genomic analysis

In 48 cases, DNA sequencing of the TMEM106B amplicon
surrounding the central nucleotide (NM_018374.4:¢.554G)
of the codon encoding amino acid 185 (NP_060844.2:p.
T185) identified the 3 known genotypes. Twenty-five cases
were homozygous for guanine at coding base 554, resulting
in both TMEM106B alleles producing protein with threo-
nine (TT) at amino acid position 185. Eighteen cases were
heterozygous for guanine and cytosine at coding base 554,
leading to the production of TMEM106B protein with both
threonine and serine residues (TS) at position 185. Five
cases were homozygous for cytosine at coding base 554,
resulting in both TMEM 106B alleles producing protein with
serine residues (SS) at position 185.

Discussion

Biondi bodies are filamentous amyloid inclusions in the
ependymal cells of the choroid plexuses, the lining of the
cerebral ventricles and the central canal of the spinal cord.
We examined 1126 cases, with a mean age at death of
75 years. Previous studies have shown that the incidence of
Biondi bodies increases with age; similarly, the incidence
of calcifications in choroid plexuses increases with age [20,
56, 67]. We found that 89% of cases had Biondi bodies and
were significantly older than those without Biondi bodies.
Calcifications of the choroid plexuses were seen in 80% of
a subset of cases, consistent with a previous report [67].
Additional statistical analysis did not find any correlations
between the presence of Biondi bodies and a given neuro-
degenerative disease. Individuals with AD represented the
largest segment of the cohort. Disease severity, as measured
by Braak staging and CERAD scores, was compared to the
presence or absence of Biondi bodies to determine whether
there was any relationship between these elements, but none
was found.

Here, we report for the first time the presence of
TMEM106B in Biondi bodies and establish a direct link
between Biondi bodies and filamentous TMEM106B. We
also show by cryo-EM that the TMEM106B filaments
from Biondi bodies are similar, but not identical, to the
TMEMI106B filaments with fold I that have been described
for filaments from brain parenchyma of aged controls and
from individuals with a variety of neurodegenerative dis-
eases [10, 21, 26, 29, 54]. Considering that TMEM106B
filaments have been shown to be present in neurons and glia
[26, 42, 54], our method of dissection was specifically tar-
geted to the ependymal cells of the choroid plexuses and the
ventricular lining. The presence of filaments with the Alz-
heimer tau fold in addition to the Biondi variant of assem-
bled TMEM106B in one case was probably the result of the

presence of brain parenchyma adjacent to the ependymal
lining. In previous reports, TMEM106B filaments studied
using cryo-EM were obtained from neocortex, caudate
nuclei and non-specified brain areas [10, 21, 26, 29, 54].
Since the caudate nuclei face the lateral ventricles, ependy-
mal cells may have been present in some of those samples.

Biondi bodies were strongly labelled by antibody
TMEM239, which is specific for TMEM106B filaments, and
by the amyloid dye pFTAA, but not by anti-TMEM106B
antibodies A303-439A and TMEM?263, whose epitopes are
in the N- and C-terminal regions, respectively. These results
are similar to those reported for TMEM106B inclusions
from brain parenchyma [3]. Filaments made of residues
S120-G254 of TMEM106B may thus be the major compo-
nents of the amyloid inclusions of Biondi bodies.

The 31 cases for which TMEM106B immunopositivity of
Biondi bodies in the choroid plexuses and ventricular epend-
yma was seen had also TMEM106B inclusions in brain
parenchyma (data not shown). It remains to be seen if this is
generally the case. Biondi bodies containing TMEM106B
filaments and parenchymal inclusions of TMEM106B both
increase in number with age in neurologically normal indi-
viduals [54, 63]. Whether the formation of TMEM106B
inclusions can influence the development of neurodegen-
erative disease is not known.

TMEM106B is a type II transmembrane protein of late
endosomes and lysosomes. Ependymal cells of the human
choroid plexuses undergo conspicuous changes associated
with aging, including an increase in lipid droplets in the
cytoplasm, giving it a vacuolated appearance [1]. By immu-
noelectron microscopy of choroid plexuses, TMEM106B
filaments were frequently found in association with vacuoles
within osmiophilic bodies that had the appearance of sec-
ondary lysosomes and residual bodies. Similar findings have
also been obtained in brain parenchyma with TMEM106B
inclusions [3].

In view of the fact that residual bodies are a product of
lysosomal digestion, our findings suggest that TMEM106B
may be able to assemble into filaments in close association
with lysosomal components. Thus, to investigate a possi-
ble relationship between lysosomes and Biondi bodies that
are made of TMEM106B filaments, we used antibodies to
Hexosaminidase A and Cathepsin D, as markers of mature
lysosomes along with antibody TMEM239 [41, 46, 66].
Using double labelling immunohistochemistry, we found
that many Biondi bodies labelled by TMEM239 were also
labelled by a lysosomal marker, either Hexosaminidase A
or Cathepsin D, and that a colocalization of TMEM106B
and lysosomal markers could be seen. These data suggest
that the Biondi body may represent an intracytoplasmic
inclusion resulting from the decay of lysosomal cellular
elements as consequence of the involution of ependymal
cells.
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Astrocytes are the major cell type with TMEM106B
inclusions in the brain [3, 21, 28, 32, 43, 69]. Ependymal
cells are derived from radial glia and share several cytologi-
cal features with astrocytes [57]. In the brain parenchyma,
TMEM106B filaments have been found to have one of three
folds, with fold I being the most prevalent [10, 21, 26, 29,
54]. By cryo-EM, TMEM106B filaments from ependymal
cells with Biondi bodies present a new variant of fold I. It
may be the result of the different cellular milieu in ependy-
mal cells when compared to brain cells. It remains to be
seen if this Biondi variant can also form cofactor-mediated
dimeric filaments, as was the case of the original fold I
[54]. The relevant cofactors may not be present in ependy-
mal cells. However, future studies of choroid plexuses are
needed to answer this question. The cases analyzed by cryo-
EM are all homozygous for the T185 variant. Considering
that the cases in our cohort that were analyzed genetically
revealed T homozygosity (TT) in over 50%, a prospective
study by cryo-EM will be needed to establish whether struc-
tural differences may exist among TMEM106B filaments of
Biondi bodies associated with S homozygosity (SS) or TS
heterozygosity (TS).

There are several types of ependymal cells according to
different localizations, morphologies, surface markers and
functions [15]. In spite of this heterogeneity, they all appear
to be able to form Biondi bodies, whether in the choroid
plexuses, the lining of the ventricles or the central canal.
Ependymal cells are central to the production of CSF, 90%
of which is produced by those in the choroid plexuses [49].
CSF production is decreased in elderly individuals [33]. It
remains to be established if this decrease is related to the
presence of Biondi bodies and if the composition of the CSF
may be affected. It will also be interesting to look for the
presence of TMEM106B aggregates in CSF. The secretion
of Biondi bodies into the CSF has been reported [38].

Flortaucipir and PBB3 are two positron emission tomog-
raphy (PET) ligands that are being used for the imaging of
tau pathology in patients with AD. Flortaucipir has been
reported to give off-target binding in the choroid plex-
uses [52, 62], whereas PBB3 has been shown to bind to
TMEM106B [70]. Thus, our finding that TMEM106B is a
major component of the amyloid filaments of Biondi bod-
ies suggests that flortaucipir may also bind to TMEM106B
and that both PET ligands may be useful for the study of
ependymal cells during ageing.

This study provides new perspectives of the alterations
of the ependymal cells in age-related diseases with implica-
tions of the ependymal function in the production of CSF
and other aspects of cerebral homeostasis and may have pro-
found clinical relevance.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00401-024-02807-w.
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