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Abstract

Mutations in /TM2B cause familial British, Danish, Chinese, and Korean dementias. In familial British dementia (FBD), a
mutation in the stop codon of the ITM2B gene (also known as BRI2) causes a C-terminal cleavage fragment of the ITM2B/
BRI2 protein to be extended by 11 amino acids. This fragment, termed amyloid-Bri (ABri), is highly insoluble and forms
extracellular plaques in the brain. ABri plaques are accompanied by tau pathology, neuronal cell death and progressive
dementia, with striking parallels to the aetiology and pathogenesis of Alzheimer’s disease. The molecular mechanisms
underpinning FBD are ill-defined. Using patient-derived induced pluripotent stem cells, we show that expression of ITM2B/
BRI2 is 34-fold higher in microglia than neurons and 15-fold higher in microglia compared with astrocytes. This cell-specific
enrichment is supported by expression data from both mouse and human brain tissue. ITM2B/BRI2 protein levels are higher
in iPSC-microglia compared with neurons and astrocytes. The ABri peptide was detected in patient iPSC-derived microglial
lysates and conditioned media but was undetectable in patient-derived neurons and control microglia. The pathological
examination of post-mortem tissue supports the presence of ABri in microglia that are in proximity to pre-amyloid deposits.
Finally, gene co-expression analysis supports a role for ITM2B/BRI2 in disease-associated microglial responses. These data
demonstrate that microglia are major contributors to the production of amyloid forming peptides in FBD, potentially acting
as instigators of neurodegeneration. Additionally, these data also suggest ITM2B/BRI2 may be part of a microglial response
to disease, motivating further investigations of its role in microglial activation. These data have implications for our under-
standing of the role of microglia and the innate immune response in the pathogenesis of FBD and other neurodegenerative
dementias including Alzheimer’s disease.
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Abbreviations

AD Alzheimer’s disease

ABri Amyloid-Bri

APP Amyloid precursor protein
ARM Amyloid responsive microglia
CAA Cerebral amyloid angiopathy
DAM Disease-associated microglia
DMEM  Dulbecco’s modified eagle medium
FBD Familial British dementia
MCI Mild cognitive impairment
IHC Immunohistochemistry

iPSC Induced pluripotent stem cells
siRNA Short interfering RNA

WGCNA  Weighted gene coexpression network analysis

Introduction

Mutations in ITM2B (also known as BRI2) cause familial
British [68], Danish [69], Chinese [35] and Korean [52]
dementias (FBD, FDD, FCD, and FKD, respectively) and
have also been associated with autosomal dominant retinal
dystrophy [5]. ITM2B/BRI2 is a type II transmembrane
protein that is cleaved by FURIN convertase to release an
extracellular 23 amino acid C terminal fragment [29, 59].
Dominantly inherited mutations linked to dementia increase
the length of this C terminal fragment to 34 amino acids,
either by disrupting the stop codon (in FBD, FCD and FKD),
or due to a 10 nucleotide duplication immediately upstream
of the stop codon (in FDD). These extended peptides are
amyloidogenic and termed Amyloid-Bri (ABri) in FBD and
Amyloid-Dan (ADan) in FDD; no histopathological data are
available for FCD or FKD to date, but the mutations are pre-
dicted to produce a peptide that differs from ABri by a single
amino acid. These amyloidogenic peptides aggregate to form
extracellular amyloid deposits [13] and are thus theorised to
cause neurodegeneration in a manner analogous to amyloid-
beta (AP) in Alzheimer’s disease (AD) [7, 38].

The common clinical features of FBD and FDD include
progressive dementia and cerebellar ataxia [73]. Additional
specific features include spastic paraparesis in FBD, as well
as cataracts and hearing defects in FDD [35, 47, 63]. Patho-
logically, FBD and FDD are characterised by extensive amy-
loid angiopathy, amyloid plaques, and pre-amyloid deposits
in multiple brain regions. ABri and ADan also accumulate
in organs throughout the body [14]. Similar to AD, and sup-
porting shared aetiology, neurofibrillary tangle tau pathol-
ogy is common in both FBD and FDD [24, 25].

The normal function of ITM2B/BRI2 is not well under-
stood. The protein is localised to the plasma membrane and
potentially the mitochondrial inner membrane [72] and has
been reported to interact with APP and Ap—modulating Af
deposition [10, 28, 64]. The conserved BRICHOS domain,
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which is distinct from the cleaved C-terminus fragment, is
able to reduce the fibrillation of amyloids [46, 71]. Con-
versely, APP was shown to be a molecular effector of ADan-
associated synaptic and memory deficits, as APP haploinsuf-
ficiency prevents synaptic and memory deficits in a mouse
model of FDD [64]. AP co-accumulates with ADan pathol-
ogy but this has not been observed with ABri [25, 40, 66].
Mechanistically, there remains uncertainty whether muta-
tions cause a loss of normal function of the ITM2B/BRI2
protein, as knock-in mouse models have shown reduced
expression of [ITM2B/BRI2 protein [64, 75].

Genome-wide association studies have revealed the
importance of microglia in the determination of risk for
several neurodegenerative disorders, particularly Alzhei-
mer’s disease [48, 70]. Further, heterozygous mutations in
TREM?2, a microglial gene, increase risk for AD three-fold
[16, 26]. The molecular mechanisms by which microglia
contribute to dementia onset and progression is an area of
intense investigation. Recent work suggests that microglia
regulate the transition of amyloid pathology to tau pathol-
ogy [32, 33] via genes expressed by the amyloid-responsive
microglial state (ARM) or the disease-associated microglial
state (DAM)[27, 37, 41, 54]; cell states that are enriched in
dementia and driven by genes including APOE and TREM?.

In this study, we sought to gain insights into the cellular
consequences of FBD-associated ITM2B/BRI2 mutations
by developing patient-derived iPSC models of FBD. Based
on previous pathological findings that ITM2B/BRI2 can be
expressed by neurons and glia [31], we sought to determine
the effect of FBD mutations on ITM2B/BRI2 in different
cell types. Due to the parallels between FBD, FDD and AD,
and the crucial role of microglia in AD progression [19, 23,
48], we then investigated a possible role of microglia in FBD
and FDD pathobiology.

Materials and methods
Cell Culture

All components were ThermoFisher, unless stated. All
growth factors were Peprotech, unless stated. Patient-
derived fibroblasts were obtained from a skin biopsy with
ethical approval from the Institute of Neurology joint
research ethics committee at the Hospital for Neurology
and Neurosurgery (10/H0721/87) with informed consent
(Table 1). Fibroblasts were grown in DMEM supplemented
with 10% FBS and passaged using 0.05% trypsin. Fibro-
blasts, below passage 4, were reprogrammed using episo-
mal reprogramming as described previously [43]. Episomal
plasmids, obtained from Addgene #27,077, #27,078 and
#27,080, were electroporated into fibroblasts using Lonza
P2 Nucleofection. 7 days post electroporation, media was
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Table 1 Details of stem cell
lines

Gender Age at biopsy FBD status Source
FBD fibroblast donor 1 (FBD1) Female 50 FBD -affected UCL DRC
FBD fibroblast donor 2 (FBD2) Male 58 FBD -affected NHNN
Ctrll (RBi001-a) Male 45-49 Unaffected Sigma Aldrich/EBiSC
Ctrl2 (SIGi1001-a-1) Female 20-24 Unaffected Sigma Aldrich/EBiSC
hESC (Shef6) Female 0 Unaffected UK stem cell bank

FBD familial British dementia, DRC dementia research centre, NHNN national hospital for neurology and

neurosurgery

changed to Essential 8 and iPSC colonies appeared after a
subsequent 20 days. iPSC colonies were picked manually
and expanded in Essential 8 media, on geltrex substrate and
passaged manually using 0.5 mM EDTA. Ctrll and Ctrl2
refer to the well characterised RBi001-a and SIGi1001-a-1,
respectively, both available via Sigma Aldrich [3, 4].

Genomic DNA was isolated from iPSC clones using cell
lysis buffer containing 0.5% SDS and 0.5 mg/ml protein-
ase k. Samples were lysed at 55 °C overnight and DNA
was extracted using phenol-chloroform extraction with
ethanol-based precipitation. DNA was quantified using
nanodrop, diluted to 50 ng/ul in 15 pl and put forward to
Sanger sequencing using standard PCR master mix in a
touchdown-PCR.

Karyotype stability was confirmed by The Doctors Labo-
ratory (London, UK) using G-band analysis. Additionally,
low coverage whole genome sequencing was performed,
where the genome was divided into 1000 kb bins and reads
were mapped within each bin. The QDNASeq package was
used [56] and sequencing was performed with UCL Genom-
ics. A stem cell phenotype was confirmed via comparing
the expression of 770 genes associated with pluripotency
and differentiation with a panel of 3 established iPSC/hESC
(Ctrll, Ctrl2 and Shef6 [4]) lines using the Nanostring Stem
Cell Characterisation Panel.

iPSCs were differentiated to cortical neurons using estab-
lished protocols [2, 4, 61]. Briefly, iPSCs at 100% conflu-
ence were subject to neural induction using dual SMAD
inhibition in N2B27 media (1 pM dorsomorphin and 10 pM
SB431542, both TOCRIS). N2B27 media consists of 50%
DMEM-F12, 50% Neurobasal supplemented with 0.5X N2
supplement, 0.5X B27 supplement, 0.5X L-glutamine, 0.5X
non-essential amino acids, 0.5X penicillin/streptomycin,
insulin (25U) and B-mercaptoethanol (1:1000). Cultures
were passaged using Dispase at 10DIV and again at 18DIV.
Progenitors underwent a final passage using Accutase at
35DIV and neuronal maturation was performed in N2B27
media. Day 90 was taken as the final time point.

iPSCs were differentiated to astrocytes following estab-
lished protocols [18]. Neuronal cultures (90DIV iPSC-
neuronal cultures generated as above) were enriched for
astrocytes via continuous EDTA passaging in N2B27 media

containing 10 ng/ml FGF2 (Peprotech). The cells underwent
a gliogenic switch at around 110DIV. At 150 days in vitro,
a final 2-week maturation step involved BMP4 (10 ng/ml)
and LIF (10 ng/ml) in N2B27 media.

iPSCs were differentiated to microglia following estab-
lished methods [12, 74]. Briefly, myeloid embryoid bodies
(EBs) were produced using 10,000 cells in Essential 8 media
supplemented with 50 ng/ml BMP4, 50 ng/ml VEGF and
20 ng/ml SCF. After 4 days myeloid EBs were maintained
in X-Vivo 15 media supplemented with 100 ng/ml MCSF
and 25 ng/ml IL3. After 4 weeks, microglia-like cells were
released from the EBs into the media. Microglia-like cells
were harvested weekly and matured using DMEM-F12
media supplemented with 100 ng/ml IL34, 25 ng/ml MCSF
and 5 ng/ml TGFp1. A final maturation step was performed
via a 2-day treatment with CX3CL1 (100 ng/ml) and CD200
(100 ng/ml). For cell treatments, IFN (10 ng/ml) or TNFa
(10 ng/ml) was added to fresh media for 24 h versus vehicle
control (PBS), and LPS (100 ng/ml, Sigma) was added for
6 h versus vehicle control.

qPCR

RNA was extracted from cells using Trizol, following the
manufacturer’s protocol. 2 ug of RNA was reverse tran-
scribed using SuperScript IV reverse transcriptase, random
hexamer mix and RNAse OUT. qPCR was run on an Agilent
Aria MX using POWER Sybr green master mix. The prim-
ers are shown in Table 2.

Immunocytochemistry

Cells were fixed in 4% paraformaldehyde for 15 min. Cells
were then washed thrice in 0.3% Triton-X-100 in PBS
(PBSTX) prior to blocking in 3% bovine serum albumin
in PBSTx. Primary antibodies (Table 3) were incubated in
blocking solution overnight. After three subsequent washes
in PBSTX, secondary antibodies (AlexaFluor) were incu-
bated for 1 h in the dark in blocking solution. After a final
three washes and exposure to DAPI nuclear stain, images
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Table 2 Primers used in this study
Target Forward Reverse Amplicon
ITM2B CGTGAAGCCAGCAATTGTTTCGCA AGCCCTGTTTGCTACTTACATG 191 bp
FURIN GATCGTGACGACTGACTT TATGAGTGGCTCACTTTCC 222 bp
RPL18a CCCACAACATGTACCGGGAA TCTTGGAGTCGTGGAACTGC 180 bp
OCT4 TTCTGGCGCCGGTTACAGAACCA GACAACAATGAAAATCTTCAGGAGA 218 bp
SO0X2 CATGGCAATCAAAATGTCCA TTTCACGTTTGCAACTGTCC 119 bp
NANOG GCTTGCCTTGCTTTGAAGCA TTCTTGACTGGGACCTTGTC 256 bp
DNMT3B TTTAGGGAGAACGGGAAT AGCACCAGTAAGAAGAGT 88 bp
S100A4 TTCTTTCTTGGTTTGATCC TTAGTTCTGACTTGTTGAGC 211 bp
VIM GTACGTCAGCAATATGAAAG AGTGTCTTGGTAGTTAGCAG 270 bp
TREM?2 GGAGTCTGAGAGCTTCGAGGATG TTCACTGGGTGGATGTGTCCC 196 bp
CTSB ATACAATTCCTACAGCGTCT GTGTTGGTACACTCCTGACT 130 bp
P2YRI2 GGTCAGATTACAAGAGCAC TGATAACTGTTGATTCTGGA 178 bp
ILIB CTTCAGCCAATCTTCATT CACTGTAATAAGCCATCAT 88 bp
ILI0 GTGGAGCAGGTGAAGAAT TCTATGTAGTTGATGAAGATGTC 92 bp

Table 3 Antibodies used in this study

Target Species Company RRID

SSEA4 mouse  BioLegend 330,401 AB_1089209

OCT4 goat Santa Cruz sc-5297 AB_628051

TBR1 rabbit  Abcam ab31940 AB_2200219

TUJ1 mouse  BioLegend 801,201 AB_2313773

IBA1 goat Abcam ab107159 AB_10972670

ITM2B/BRI2 CTF rabbit  Sigma HPA029292 AB_10601917

ITM2B/BRI2 NTF mouse Santa cruz sc-374362 AB_10988049

TREM2 rabbit  Cell Signaling Tech AB_2721119
91,068

SOX9 Rabbit Abcam ab185966 AB_2728660

Actin mouse  Sigma A1978 AB_476692

GAPDH mouse Ambion AM4300 AB_437392

ABri rabbit  338[68]

ADan rabbit  5282[69]

CD68 mouse Dako M0876 AB_2074844

CR3/43 mouse Dako M0775 AB_2313661

Table 4 Details of tissue donors
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were taken on a Zeiss LSM microscope. No post-hoc image
adjustments were made.

Immunohistochemistry

Details of tissue donors provided in Table 4. Formalin
fixed paraffin embedded sections were deparaffinized in
xylene, followed by rehydration using graded alcohols
(100%, 95% and 70%). For all immunohistochemical
staining the endogenous peroxidase activity was blocked
using 0.3% H,0, in methanol for 10 min. Sections were
subjected to various pre-treatments, depending on the
antibody used. For ABri and ADan, sections were pre-
treated with formic acid for 10 min. For microglial stain-
ing (CD68 or CR3/43), sections were pressure cooked
in citrate buffer pH6.0 for 10 min. Non-specific protein
binding was blocked using 10% non-fat milk in PBS
(0.05 M pH7.2) by incubating the sections for 30 min
at room temperature. Sections were incubated with the
required primary antibody (ABri: 338 1:1000 from Ghiso
lab; ADan: 5282 1:1000 from Ghiso lab; CD68: 1:150

Case Gender AAO AAD Disease Neuro- AP+/— Braakand CAA+ Reference
duration pathological Braak tau
diagnosis Stage
1 F - 86 - Control - - - -
2 F 57 68 11 FBD - \% + Case 5 — [24]
3 M 40 58 18 FDD + V-VI + Case 3 — [25]

AP and CAA staging is characterised as present or absent as the pathology does not follow staging criteria
for Alzheimer’s disease

FBD familial British dementia, DD familial Danish dementia, QSBB queen square brain bank for neuro-
logical disorders
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DAKO; CR3/43: 1:100 DAKO) for 1 h at room tempera-
ture. Incubation with the relevant biotinylated secondary
antibody (Vector) was carried out for 30 min at room
temperature. Sections were incubated in avidin—biotin
complex (ABC, Dako) for 30 min and the antigen—anti-
body reaction was visualized using di-aminobenzidine
(DAB, Sigma) as the chromogen. Sections were counter-
stained with Mayers haematoxylin (BDH), dehydrated and
mounted. Tissue sections were digitally scanned using
an Olympus VS120 slide scanner at 20 X magnification.

In situ hybridisation

Flash-frozen tissue sections from the frontal cortex of a FBD
case were cut at 15 pm. For the in-situ hybridization experi-
ment, a DIG-labelled oligonucleotide probe corresponding
to the region 28—68 of the BRI2 gene was used. The probe
was labelled using the DIG Oligonucleotide 3’-end labelling
kit (Roche), 100 pmol of the oligonucleotide was labelled
according to the manufacturer’s instructions. The tissue sec-
tions were fixed in 4% paraformaldehyde in PBS for 5 min,
washed, dehydrated, and hybridized with the DIG-labelled
probe overnight at 37 °C in a humidified chamber. Post-
hybridization washes were performed using 1 X SSC solution
at 55 °C and room temperature to remove unbound probe
and salts. For visualization, sections underwent immuno-
histochemistry using an anti-DIG antibody (Roche, 1:250
dilution), followed by incubation with biotinylated anti-
mouse antibody (Dako, 1:200 dilution) and ABC reagent.
Visualization was carried out using the Glucose Oxidase
Nickel DAB method. Finally, sections were counterstained
with 0.1% Nuclear Fast Red, dehydrated, cleared, and
mounted. Control experiments included the use of antisense
probes, competition assays with excess unlabelled probe,
and replacement of primary and secondary antibodies with
PBS to ensure specificity of staining. All controls yielded

Table 5 Online platforms for co-expression network analysis

negative or significantly diminished staining, validating the
specificity of the in-situ hybridization and immunohisto-
chemistry methods.

Thioflavin staining

Thioflavin staining was used to demonstrate protein deposits
in amyloid conformation and used in addition to immuno-
histochemical staining. Once immunohistochemical staining
was complete sections were incubated with thioflavin solu-
tion (0.1% aqueous solution) for 7 min and differentiated
with 70% alcohol, followed by washing in distilled water.

Western blotting

Cells were lysed in RIPA buffer with protease and phos-
phatase inhibitors (Roche) and centrifuged to remove insolu-
ble debris. Protein content was quantified via BCA assay
(BioRad). Samples were denatured at 95 °C for 5 min in
LDS buffer with DTT and loaded on 4-12% precast poly-
acrylamide gels. Gels were transferred to nitrocellulose
membranes and blocked, using PBS with 0.1% Tween-20
(PBSTw) and 3% BSA. Primary antibodies were incubated
in blocking solution overnight, washed thrice in PBSTw and
incubated with secondary antibodies for 1 h. After three final
washes, images were captured on a LiCor Odyssey fluores-
cent imager.

Gene coexpression analysis

We employed online databases on human tissue including
HumanBase (human macrophages, top 20 genes, mini-
mum interaction prediction confidence: 0.65), GeneFriends
(human brain tissue, top 10 genes, Pearson correlation
threshold: 0.85) and COXPRESdb v8 (non-specific tissue,
top 10 co-expressed genes ranked based on z-scores) to gen-
erate co-expression networks for ITM2B (Table 5). These

Platform Description

HumanBase 1.0 (for-
merly GIANT) [15]

https://humanbase.flatironin
stitute.org/gene/

A resource that includes genome-scale functional maps and tissue-specific networks
across 144 human tissues with statistical prioritisation developed using Bayesian

framework on more than 14,000 publications. Human macrophage tissue was selected

for this analysis

GeneFriends [50]

https://www.genefriends.org/ A guilt-by-association data-driven analysis platform using RNAseq based gene co-

expression network construction with functional annotation for multiple species.
Human brain tissue was selected for this analysis

COXPRESdb v8 [42] https://coxpresdb.jp/

A gene coexpression database based on DNA microarray analysis and over 200,000

RNASeq runs which collates data to present coexpression relationships based on rela-
tive expression patterns of genes and networks and protein—protein-interactions. This
platform also uses the KEGG pathway and Gene Ontology Biological Process scores to
substantiate the results
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lists were analysed to determine the genes which were pre-
sent in multiple databases.

The ITM2B gene network (Fig. 4) was generated through
a co-expression analysis of pre-processed Pearson’s residu-
als obtained from a microglial single cell RNA-seq dataset
collected from the dorsolateral prefrontal cortex of AD and
mild cognitively impaired (MCI) brains [44]. The dataset
was filtered to remove cells that appeared unhealthy or
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potential doublets, with cells having greater than 5% ratio
of mitochondrial to total counts or less than 1000 counts or
less than 700 genes detected being removed using Seurat’s
subset function. Additionally, samples from non-demented
individuals with epilepsy were removed from the analysis,
as they are not fully representative of healthy control brain.
Genes showing low variation in expression between cells
(coefficient of variation for Pearson’s residuals < 15%) were
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«Fig. 1 ABri is produced by iPSC-derived microglia. A Immunocy-
tochemistry of iPSCs (upper panels), iPSC-derived neurons (mid-
dle panels) and iPSC-derived microglia (lower panels). SSEA4 and
OCT4 are pluripotency markers, scale bar 200 pm. TUJI is a pan-
neuronal marker and TBR1 labels deep layer cortical neurons, scale
bar 200 pm. IBA1 labels microglia-like cells, scale bar 50 pm. B
qPCR analysis of ITM2B/BRI2 and FURIN expression in control
iPSC-derived cortical neurons, astrocytes and microglia. Neuronal
cDNA represents 5 independent inductions with 2 independent con-
trol iPSC lines, astrocytic cDNA was generated from 5 independ-
ent inductions of two independent control iPSC lines and microglial
cDNA was generated from 6 harvests from 4 inductions and repre-
sents two independent control iPSC lines. Significant differences are
abolished by the outlier at two standard deviations above the mean. C
Representation of antibodies used in this figure (produced in bioren-
der). D Western blotting of iPSC-derived neurons, iPSC-derived
astrocytes and iPSC-derived microglia. ITM2B/BRI2 knockdown via
siRNA depicts antibody specificity for bands at around 30 kDa and
12 kDa. TUJ1, SOX9 and TREM2 are markers for neurons, astro-
cytes and microglia respectively. Samples represent two independent
control lines for each cell type. Microglial samples from independ-
ent batches are separated by a dotted line. E Quantification of spe-
cific bands (30 kDa and 12 kDa) from 3 independent neuronal, astro-
cyte and microglia inductions of at least two control lines in each
cell type. F Western blotting of iPSC neurons, iPSC microglia and
post-mortem brain tissue for ITM2B/BRI2 as well as neuronal TUJI,
microglial TREM2 and loading control (Actin). G Quantification
of Western blotting of ITM2B/BRI2 in control and patient-derived
microglia from four harvests from three independent batches of
microglia. H-J) Western blotting for ABri in iPSC-derived microglia
lysates and brain tissue showed a band of 4 kDa. J) Western blotting
for ABri in iPSC-derived microglial conditioned media, with secreted
APP (sAPP) and GRN as neuronal and microglial loading controls
respectively. White arrowheads show full length ITM2B/BRI2, grey
arrowheads show cleaved fragments of ITM2B/BRI2 and asterisks
show potential unspecific bands. Comparisons represent two tailed
t-tests where *=p <0.05, **=p <0.01, ***=p <0.001

also removed, as they are not informative for co-expression
analysis. The co-expression analysis was performed using
the “getDownstreamNetwork™ function from CoExpNets,
which is an optimized version of the popular weighted gene
co-expression network analysis (WGCNA) package [6].
This optimization involves a k-means clustering step to re-
categorize genes into biologically relevant and reproducible
modules. The mean log2 normalized expression of the most
central genes within the “turquoise” module was used to
determine ITM2B as one of the hub genes in the network.
These genes were ranked based on their module membership
(MM) scores, which were calculated using the “getMM”
function from CoExpNets. The correlation matrix of the
expression data was then used to rank the most connected
genes to ITM2B within the module. The resulting network
was visualized using the Cytoscape v.3.9.1 software.

Gene knockdown
ITM2B/BRI2 was knocked down in iPSC-derived microglial-

like cells using DharmaFECT 1 (Horizon) using SMART-
pool siRNA (Horizon) alongside scrambled, non-targeting

siRNA. Briefly, cells were plated at 500,000 cells per well
of a six-well plate. siRNA was prepared in DharmaFECT
1 (2.5 pl per well) in serum free media for 20 min, before
evenly distributing onto cells. Protein lysates were taken
72 h later and run for Western blots, as above.

Statistical analysis

Data were analysed in Microsoft Excel and Graphpad Prism.
Statistical significance was calculated after normality test-
ing using either two-way ANOVA tests with multiple com-
parisons testing or two tailed ¢ tests, as described in figure
legends.

Results

Patient-derived microglia generate
the amyloidogenic ABri peptide

To generate a human, physiological model of FBD, we
reprogrammed fibroblasts from two individuals with the
FBD mutation, ¢.799 T > A (for donor details, see Table 1).
iPSCs showed characteristic morphology and expression of
the pluripotency markers SSEA4, OCT4, SOX2, NANOG
and DNMT3B via immunocytochemistry and qPCR
(Figs. 1A, S1A). Reprogrammed cells also showed appropri-
ate downregulation of the fibroblast specific markers S100A4
and VIM (Fig S1B). FBD iPSCs were further characterised
to confirm the presence of the FBD mutation TGA > AGA
(Fig S1C), as well as a stable karyotype (Fig S1D, E). Analy-
sis of a panel of 770 genes associated with pluripotency and
early differentiation demonstrated that the two FBD iPSC
lines showed a global expression profile comparable to a
panel of 3 control stem cell lines (Fig S1F).

We investigated the cell type specific expression of
ITM2B/BRI2 in control iPSC-derived neurons, astrocytes
and microglia (Fig. 1A, B). Successful differentiation of
iPSCs to cortical neurons was confirmed by morphology and
expression of neuronal-specific TUJ1 and deep layer corti-
cal neuronal marker TBR1. IBA1 expression confirmed the
successful differentiation of iPSCs to microglia-like cells.
Astrocyte differentiation was confirmed by the enrichment
of SOX9 (Fig. 1D) and GFAP (Fig S2). gPCR analysis dem-
onstrated that expression of /TM2B/BRI2 was on average
34-fold higher in microglia when compared with neurons
(Fig. 1B) and 14-fold higher in microglia compared with
astrocytes. To determine if microglial enrichment of ITM2B/
BRI2 is due to insufficient maturation status of iPSC-derived
cultures, we mined expression data from mouse and human
brain tissue in seven freely available datasets and further
confirmed a microglial enrichment of ITM2B/BRI2 in the
brain [11, 17, 22, 30, 36, 55, 77, 78] (Fig S3, S4). FURIN,
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encoding the enzyme responsible for cleavage of ITM2B/
BRI2 in normal physiology and release of ABri and ADan
in disease, showed enrichment in microglia and astrocytes
relative to neurons (Fig. 1B). Using a panel of antibod-
ies (Fig. 1C), western blotting of neuronal, astrocytic and
microglial lysates reinforced the finding that ITM2B/BRI2
is highly expressed by microglia (Fig. 1D, E). The specific-
ity of bands at around 30 kDa and 12 kDa, corresponding to
full-length and cleaved ITM2B/BRI2 protein respectively,
were confirmed by siRNA knockdown of /ITM2B/BRI2 in
iPSC-derived microglia (Figs. 1D, S5). This finding is rein-
forced by a published proteomic study that shows relative
depletion of ITM2B/BRI2 protein in acutely isolated mouse
neurons compared with glia [60] (Fig S6). We also detected
a band at around 25 kDa in human brain samples (Fig. 1F);
this does not correspond to a known cleavage fragment
of ITM2B/BRI2, and we cannot determine if this band is
specific.

FBD and FDD mutations have been shown to reduce the
levels of ITM2B/BRI2 protein in mouse knock-in models
[64, 75]. To determine if the FBD mutation affects protein
levels in iPSC-derived microglia, we performed Western
blotting and observed comparable protein levels in patient-
derived microglia and control microglia (Fig. 1F, G), albeit
with a degree of variability between microglial batches.

Western blotting using the ABri-specific antibody
(Ab338) was able to detect the presence of the 4 kDa ABri
peptide in patient-derived microglial lysates (Fig. 1H, I)
as well as in patient-derived microglial-conditioned media
(Fig. 1J). We were not able to detect the ABri peptide in
FBD neuronal lysates or control microglia (Fig. 1H-J).

Post mortem immunohistochemistry shows
colocalization of ABri and microglial markers

Based on the finding that ITM2B/BRI2 expression is
enriched in microglia, we sought to investigate the patho-
logical contribution of microglia in mutant I/TM2B/BRI2-
associated post-mortem hippocampal tissue from one FBD
case (Case 5 from Holton et al. 2001) and one FDD case
(Case 3 from Holton et al. 2002). In situ hybridisation dem-
onstrates that cells of both glial and neuronal morphology
express ITM2B, albeit this technique is not quantitative (Fig
S7) [31]. Staining was not undertaken on control brains
as the focus of this study was to investigate the cellular
location of the ABri and ADan which are absent in normal
control brains. Both cases used in this study have undergone
detailed pathological analysis which has been reported else-
where [24, 25]. The hippocampus was selected based on
previous knowledge of the underlying pathology in these
cases. In both FBD and FDD, the hippocampus displays
amyloid and pre-amyloid parenchymal deposits (Figs. 2A,
3A). Analyses employed antibodies against ABri (Ab338)
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and ADan (Ab5282) in conjunction with microglia mark-
ers and Thioflavin staining which highlights amyloid
structures. In FBD, ABri was found in the form of amyloid
and pre-amyloid plaques as previously documented [24]
(Fig. 2A-C). The pre-amyloid diffuse ABri deposits con-
tained microglia shaped cells stained positive by the ABri
antibody (Fig. 2C, arrows). In regions of pre-amyloid depo-
sition, fluorescent ABri immunohistochemistry (IHC) was
undertaken with thioflavin staining to confirm that the cells
contained ABri in an amyloid conformation (Fig. 2 row D
and E, arrows). Double THC confirmed that the amyloid
was present within microglia using CD68 (Fig. 2 row F)
and CR3/43 (Fig. 2 row G) microglial markers. We further
explored ITM2B/BRI2-associated amyloid in a FDD case.
ADan was found predominantly as pre-amyloid deposits
in the hippocampus (Fig. 3A, B) and in the form of cer-
ebral amyloid angiopathy. ADan immunohistochemistry
clearly outlines microglia shaped cells (Fig. 3C, arrows).
When visualised with Thioflavin and ADan, microglial
morphologies were clearly visible surrounded by the pre-
amyloid deposits (Fig. 3 rows D and E, arrows). Double
IHC for microglial markers and Thioflavin, clearly showed
the microglia containing Thioflavin positive amyloid (Fig. 3
rows F and G, arrows). Taken together, these findings sug-
gest that ABri and ADan are found in an amyloidogenic
conformation within the microglia when in close proximity
to pre-amyloid deposits.

Gene coexpression networks supports a role
for ITM2B/BRI2 in disease associated microglial
responses

Finally, to further explore the functional relevance of
ITM2B/BRI2 expression in microglial activation in neu-
rodegeneration, we performed gene coexpression network
analysis to reveal the gene networks and the microglial states
in which ITM2B/BRI2 was expressed. Using a single cell
RNA-sequencing dataset of microglia isolated from human
AD brain and individuals with mild cognitive impairment
(MCID)[44], we performed an improved version of weighted
gene coexpression network analysis (WGCNA[6]) to under-
stand how networks or groups of genes collectively varied
between AD and MCI. The network analysis revealed a high
enrichment of ARM signature genes within the ITM2B/BRI2
network in response to AD (Figs. 4, S8 and Supplementary
Table 1). The genetic network containing ITM2B/BRI2 con-
tained known ARM genes such as TREM?2 and TYROBP,
complement-associated genes (CIQA, CIQB), lysosome-
related genes (CTSB, CTSS, LAMP2) and HLA genes. To
reinforce these findings, we leveraged additional online
databases to further investigate coexpression networks for
ITM2B/BRI2 (see methods). Genes displaying coexpres-
sion with ITM2B/BRI2 included the HLA gene B2M and
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Fig.2 Immunohistochemical staining in FBD for ABri, Thioflavin
and microglial markers. ABri pathology is observed in the hippocam-
pus (A) in the form of extracellular amyloid and preamyloid depos-
its. ABri is also found within parenchymal and leptomeningeal blood
vessels as cerebral amyloid angiopathy. ABri pre-amyloid plaques are
shown at higher magnification in (B). The preamyloid deposits con-
tained cells resembling microglia morphology (C, arrows). The bar

lysosome-related genes LAMP2, GRN, LAMPI1, LAPTM4A,
PSAP and ASAHI (Fig S9). Similar to ITM2B/BRI2, the
genes B2M, ASAHI, GRN, and PSAP were among the top

represents 500 um in (A) and 50 um in (B) and 25 um in (C). ABri
immunohistochemistry (red, row D and E) combined with Thioflavin
staining highlights the presence of ABri in cells resembling micro-
glia. Microglial antibodies were used to determine the Thioflavin
positive structures identified in the cells (rows F and G). The bar rep-
resents 100 um in row (D) and 20 pm in row (E) and 10 um rows in
(F) and (G). Data are from one donor

100 most highly expressed genes in iPSC-derived microglia
(Supplementary Table 2) [34] and are also enriched in ARM
states in additional human and mouse datasets[27, 44, 53].

@ Springer



65 Page 10 of 16

Acta Neuropathologica (2024) 148:65

Thioflavin
!

CR3/43 Thioflavin ‘%
L
F

Thioflavin

CD68
G

Fig. 3 Immunohistochemical staining in FDD for ADan, thioflavin
and microglial markers. ADan pathology was observed in the hip-
pocampus (A) in the form of extracellular pre-amyloid deposits and
cerebral amyloid angiopathy. At higher magnification we observed
the preamyloid deposits (B). Structures resembling microglia are also
found to be highlighted with the ADan immunohistochemical prepa-
rations in the pre-amyloid deposits (C, arrows). The bar represents
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500 pym in (A) and 50 um in (B) and 25 pm in (C). ADan immuno-
histochemistry (red, row D and E) combined with Thioflavin staining
(green) highlights the presence of ADan in cells resembling micro-
glia. Microglial antibodies were used to determine the Thioflavin pos-
itive structures identified in the cells (rows F and G, arrows). The bar
represents 100 um in row (D) and 20 pm in row (E) and 10 um rows
in (F) and (G). Data is from one donor



Acta Neuropathologica (2024) 148:65

Page110f16 65

To further investigate the role of ITM2B in different
microglial states, we treated control and patient-derived
microglia with IFNf and TNFa« for 24 h and LPS for 6 h
and then compared the response of ITM2B to the established
ARM gene TREM?2 (Figs. 4B, C, S8B, C). IFNp lead to an
upregulation of both ITM2B and TREM, whereas TNFa and
LPS lead to a downregulation of both genes. We did not
observe a significant difference in the responses between
control and /TM2B mutant microglia.

Finally, to investigate whether the FBD mutation or the
presence of ABri in the media alters the inflammatory state
of FBD microglia under basal conditions, we investigated
the expression levels of ARM-associated genes (ITM2B,
TREM?2 and CTSB Fig. 4D-F), the homeostatic gene
P2YRI12 (Fig. 4G), as well as proinflammatory cytokine
ILIB (Fig. 4H) and anti-inflammatory cytokine /L0
(Fig. 4I). We observed no significant difference between
control and FBD microglia.

Together, these data support a role for ITM2B/BRI2 in
the microglial response to damage and neurodegenerative
diseases such as AD.

Discussion

Here we describe a novel patient-derived iPSC model of
FBD, providing a human physiological model of disease.
Surprisingly, expression of ITM2B/BRI2 was substantially
higher in microglia compared with neurons and astrocytes.
Consequently, we were able to detect ABri in patient-derived
microglial cultures and not in the neuronal cultures used in
this study, suggesting microglia represent a major source of
ABri in FBD. This is an unexpected finding and contrasts
with some existing literature [1], however, it is supported
by recent work also demonstrating microglial enrichment
of Itm2b/Bri2 in mouse models [76].

ABri is a toxic peptide that has been shown to cause
apoptotic cell death when administered to neuronal cell lines
[9, 65]. Our finding supports the notion that in FBD, micro-
glial-derived amyloidogenic peptides may contribute to
plaque pathology. Given the pathological and clinical over-
lap between FBD and Alzheimer’s disease, it is intriguing
to consider the amyloid cascade hypothesis [58] initiating
via different amyloids from distinct cellular sources—con-
verging on a disease pathogenesis featuring tau pathol-
ogy, inflammation, neurodegeneration, and dementia-like
symptoms.

Pathological examination of post-mortem tissue from
FBD and FDD shows ABri/ADan colocalised with microglia
in close proximity to pre-amyloid deposits. The presence
of ABri and ADan in microglial cells in FBD and FDD,
respectively, highlights a critical role for microglia in either
amyloid production or uptake. Further investigations would

be needed to determine the exact role microglia play in con-
version of amyloidogenic peptides to amyloid. Published
bulk expression data suggest that ITM2B/BRI2 expression
is highest in the hippocampus and the cerebellum (Fig. S10)
[21, 51]. This is distinct from the expression pattern another
microglial marker TREM?2. The expression levels correlate
with the occurrence of parenchymal pathology in FBD [24]
and FDD [25], whereas CAA is found more widespread.
The levels of pathology in these brain structures may help
to explain the clinical symptoms of disease.

Our data, together with existing expression data from
human and mouse cells, show that ITM2B/BRI2 expression
is enriched in microglia [11, 17, 22, 30, 36, 55, 77, 78].
Indeed, we searched data from Lin and colleagues who dif-
ferentiated iPSC to neurons, astrocytes and microglia [34]
and we saw that ITM2B/BRI2 was within the top 100 highest
expressed genes in the microglial lineage (based on nor-
malised fragments per kilobase per million mapped frag-
ments, Supplementary Table 2). Single cell data suggest that
ITM2B/BRI2 is enriched in ARM microglial clusters [44,
67]. This leads to two potential hypotheses: 1) induction
of a DAM/ARM-like state induces expression of ITM2B/
BRI2, which leads to the production and deposition of ABri
and further disease progression. Alternatively, 2) a puta-
tive loss of function of ITM2B/BRI2 protein, as described
in rodent models [64, 75], may negatively impact on the
normal response of microglia to early pathological changes
and cellular damage, thereby worsening the disease. We
observed evidence for neither reduced ITM2B/BRI2 protein
abundance in our FBD patient-derived microglial model nor
altered inflammatory profiles of FBD microglia under basal
conditions—supporting the first hypothesis or a combination
of both. Indeed, the fact that IFNf was able to upregulate
ITM?2B expression further supports this notion.

Clinically, minor accidents and trauma have been associ-
ated with symptom onset in FBD. For example, a flu-like
disease was associated with disease onset in one of the
patients from whom iPSCs were made in this study [20].
Whilst speculative, this might be compatible with a role
for the immune system in FBD—whereby an inflammatory
response to environmental factors may trigger or enhance
expression of the pathological protein.

A caveat of using iPSC neurons is that they have a
transcriptome largely resembling foetal neurons [45],
which is a challenge for investigating genes whose expres-
sion changes throughout development. Thus, we cannot
exclude that ITM2B expression in neurons may increase at
extended time points as we have previously demonstrated
for tau [62]. However, the cell type specific enrichment
we observe in adult, human post-mortem tissue sup-
ports a predominantly microglial expression of ITM2B/
BRI2. Nonetheless, this could be further investigated
using protocols which promote the retention of signatures
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of neuronal maturity, such as transdifferentiation [39].
Despite the presence of ABri in iPSC-derived microglial
cultures, we cannot discount the contribution of other cell
types to ABri production; for example, endothelial cells
and oligodendrocytes; especially given the high burden
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of angiopathy [24]. However, in situ hybridisation for
ITM2B/BRI2 in post-mortem tissue displayed weak sig-
nal in white matter and the vascular unit [31]. Neurons
have been shown to express ITM2B/BRI2 [1, 31, 57] and
may upregulate ITM2B in a context dependent manner
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«Fig.4 ITM2B is coexpressed with ARM network genes and responds
to inflammatory cues in a similar manner to TREM2. A Genetic
network plot of a module containing /TM2B detected in micro-
glial cells isolated from human Alzheimer’s disease patients and
individuals with MCI analysed by scRNA-seq [44] demonstrating
ITM2B is coexpressed with ARM network genes in microglia iso-
lated from human individuals showing neurodegeneration (and col-
lectively varying between AD and MCI donors). Genes varying in
response to AD with the highest connectivity to ITM2B from the
co-expression network were plotted based on ranking the connectiv-
ity matrix of the expression data. This module contains genes asso-
ciated with the DAM/ARM state (the full network and the strength
of each interaction is given in Supplementary Table 1). Genes most
strongly co-expressed with ITM2B include genes known to be associ-
ated with neurodegeneration including LAPTM5, HLA genes, CTSB,
CTSS, GRN, TREM?2 and TYROBP. ITM2B is highlighted with a
yellow oval. B, C qPCR expression analyses of ITM2B and TREM?2
in response to a 24 h treatment with IFNf and TNFa. Data repre-
sent n=4 for untreated and IFNf and n=3 for TNFa, each from 2
independent batches of microglia and for two control iPSC lines and
two FBD lines. Data separated by genotype is presented in Fig S8B.
Paired r-tests were performed for each treatment relative to untreated
samples, *=p<0.05, **=p<0.01. D-I qPCR analyses of genes
associated with microglial state changes under basal conditions. Data
represent 6 <n <11 from 3 independent batches of microglia

[8]. Although published studies focused on neurons and
were limited to a single FBD case, our in-situ hybridisa-
tion studies reveal the presence of ITM2B/BRI2 expres-
sion in glial cells as well as neurons [31]. Context has been
shown to control ITM2B/BRI2 expression in astrocytes
[49]. Indeed, our iPSC-derived neuronal model does dem-
onstrate low level expression, raising the possibility that
immaturity of iPSC cultures may explain the low ITM2B/
BRI2 expression in these models. However, single cell
sequencing datasets from adult human post-mortem tis-
sue and from adult rodents (Figs. S3, S4) and a recently
reported independent study [76] support the finding that
microglia are a major contributing source of ITM2B/
BRI2 and ABri. A limitation to this study is the fact that
FBD is an extremely rare disease, meaning the number
of patient-derived iPSC lines and access to brain tissue is
limited. Future work will expand these data via the use of
genome editing to increase the number of lines with which
to investigate mechanisms of FBD as well as expand inves-
tigations to other ITM2B-linked dementias. Future work
will also address the associated limitation that gene coex-
pression network analysis is done on Alzheimer’s disease
brain datasets rather than tissue from FBD.

In summary, we propose a central role for microglial-
derived ABri in FBD and subsequent non-cell autonomous
mechanisms driving neuronal dysfunction. This surprising
finding has relevance to the amyloid cascade hypothesis and
Alzheimer’s disease; insomuch as 1) distinct origins of amy-
loidogenic peptides can culminate in neurodegeneration and
dementia-like symptoms and 2) microglia and the immune
response are central to disease onset as well as progression.
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Acknowledgements CA was supported by an Alzheimer’s Society fel-
lowship (AS-JF-18-008) and by Race Against Dementia. SC was sup-
ported by a PhD scholarship from ARUK (ARUK-PhD2022-018). JIMC
was supported by an EPSRC PhD studentship (EP/N509577/1). DAS,
JH, NR, and UY research was funded by the UK DRI, which receives
its funding from the DRI Ltd, funded by the UK Medical Research
Council, Alzheimer’s Society and ARUK. JH is supported by the Dolby
Foundation. SW was supported by senior research fellowship from
Alzheimer’s Research UK (ARUK-SRF2016B-2). TMP was supported
by funding to JMP and J Hardy from the Innovative Medicines Initia-
tive 2 Joint Undertaking under grant agreement No 115976. This Joint
Undertaking receives support from the European Union’s Horizon
2020 research and innovation programme and EFPIA. This work was
supported by the Medical Research Council (MR/M02492X/1), the
National Institute of Health (RF1 AG059695) and by the National Insti-
tute for Health and Care Research University College London Hospitals
Biomedical Research Centre. The authors would like to dedicate this
paper to the memory of Denise Clark whose generous donation of her
stem cells made this work possible.

Author contributions Investigation: CA, JC, SC, NR, UY, SW, EA,
TP. Conceptualisation: CA, AR, JG, TR, PL, DS, TL, SW Writing
— original draft: CA, DS, TL, SW Writing — review and editing: all
authors Funding acquisition — JH, DS, TL, SW Resources — AR, JG,
TR, HH, JS.

Funding Alzheimer’s Society, AS-JF-18-008, Race against demen-
tia, NIH, RF1 AG059695, RF1 AG059695, RF1 AG059695, UCLH
Biomedical Research Centre, Alzheimer’s Research UK, ARUK-
SRF2016B-2, ARUK-SRF2016B-2, Medical Research Council, MR/
M02492X/1, MR/M02492X/1, MR/M02492X/1.

Data availability Cell lines and data generated within this study are
available from the authors upon request.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Akiyama H, Kondo H, Arai T, Ikeda K, Kato M, Iseki E et al
(2004) Expression of BRI, the normal precursor of the amyloid
protein of familial British dementia, in human brain. Acta Neu-
ropathol 107:53-58. https://doi.org/10.1007/s00401-003-0783-1

@ Springer


https://doi.org/10.1007/s00401-024-02820-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00401-003-0783-1

65 Page 14 of 16

Acta Neuropathologica (2024) 148:65

10.

11.

12.

13.

14.

15.

Arber C, Belder CRS, Tomczuk F, Gabriele R, Buhidma Y, Farrell
C et al (2024) The presenilin 1 mutation P436S causes famil-
ial Alzheimer’s disease with elevated AB43 and atypical clinical
manifestations. Alzheimer’s Dement. https://doi.org/10.1002/alz.
13904

Arber C, Lovejoy C, Harris L, Willumsen N, Alatza A, Casey JM
et al (2021) Familial Alzheimer’s disease mutations in PSEN1
lead to premature human stem cell neurogenesis. Cell Rep
34:108615. https://doi.org/10.1016/j.celrep.2020.108615

Arber C, Toombs J, Lovejoy C, Ryan NS, Paterson RW, Willum-
sen N et al (2020) Familial Alzheimer’s disease patient-derived
neurons reveal distinct mutation-specific effects on amyloid
beta. Mol Psychiatry 25:2919-2931. https://doi.org/10.1038/
s41380-019-0410-8

Audo I, Bujakowska K, Orhan E, El Shamieh S, Sennlaub F, Guil-
lonneau X et al (2014) The familial dementia gene revisited: a
missense mutation revealed by whole-exome sequencing identi-
fies ITM2B as a candidate gene underlying a novel autosomal
dominant retinal dystrophy in a large family. Hum Mol Genet
23:491-501. https://doi.org/10.1093/hmg/ddt439

Botia JA, Vandrovcova J, Forabosco P, Guelfi S, D’Sa K, Hardy
J et al (2017) An additional k-means clustering step improves
the biological features of WGCNA gene co-expression net-
works. BMC Syst Biol 11:1-16. https://doi.org/10.1186/
$12918-017-0420-6

Del Campo M, Teunissen CE (2014) Role of BRI2 in demen-
tia. J Alzheimer’s Dis 40:481-494. https://doi.org/10.3233/
JAD-131364

Chen WT, Lu A, Craessaerts K, Pavie B, Sala Frigerio C, Corth-
out N et al (2020) Spatial transcriptomics and in situ sequencing
to study Alzheimer’s disease. Cell 182:976-991.e19. https://doi.
org/10.1016/j.cell.2020.06.038

El-Agnaf OMA, Nagala S, Patel BP, Austen BM (2001) Non-
fibrillar oligomeric species of the amyloid ABri peptide, impli-
cated in familial British dementia, are more potent at inducing
apoptotic cell death than protofibrils or mature fibrils. J Mol Biol
310:157-168. https://doi.org/10.1006/jmbi.2001.4743
Fotinopoulou A, Tsachaki M, Vlavaki M, Poulopoulos A, Ros-
tagno A, Frangione B et al (2005) BRI2 interacts with amyloid
precursor protein (APP) and regulates amyloid f(AP) production.
J Biol Chem 280:30768-30772. https://doi.org/10.1074/jbc.C5002
31200

Friedman BA, Srinivasan K, Ayalon G, Meilandt WJ, Lin H,
Huntley MA et al (2018) Diverse brain myeloid expression
profiles reveal distinct microglial activation states and aspects
of Alzheimer’s disease not evident in mouse models. Cell Rep
22:832-847. https://doi.org/10.1016/j.celrep.2017.12.066
Garcia-Reitboeck P, Phillips A, Piers TM, Villegas-Llerena C,
Butler M, Mallach A et al (2018) Human induced pluripotent
stem cell-derived microglia-like cells harboring TREM2 mis-
sense mutations show specific deficits in phagocytosis. Cell Rep
24:2300-2311. https://doi.org/10.1016/j.celrep.2018.07.094
Ghiso J, Vidal R, Rostagno A, Miravalle L, Holton JL, Mead
S et al (2000) Amyloidogenesis in familial British dementia is
associated with a genetics defect on chromosome 13. Ann NY
Acad Sci 920:84-92. https://doi.org/10.1111/j.1749-6632.2000.
tb06908.x

Ghiso JA, Holton J, Miravalle L, Calero M, Lashley T, Vidal R
et al (2001) Systemic amyloid deposits in familial British demen-
tia. J Biol Chem 276:43909-43914. https://doi.org/10.1074/jbc.
M105956200

Greene CS, Krishnan A, Wong AK, Ricciotti E, Zelaya RA, Him-
melstein DS et al (2015) Understanding multicellular function and
disease with human tissue-specific networks. Nat Genet 47:569—
576. https://doi.org/10.1038/ng.3259

Springer

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E,
Majounie E et al (2013) TREM2 variants in Alzheimer’s disease.
N Engl J Med 368:117-127. https://doi.org/10.1056/nejmoal211
851

Guttenplan KA, Weigel MK, Adler DI, Couthouis J, Liddelow SA,
Gitler AD et al (2020) Knockout of reactive astrocyte activating
factors slows disease progression in an ALS mouse model. Nat
Commun 11:3753. https://doi.org/10.1038/s41467-020-17514-9

. Hall CE, Yao Z, Choi M, Tyzack GE, Serio A, Luisier R et al

(2017) Progressive motor neuron pathology and the role of astro-
cytes in a human stem cell model of VCP-related ALS. Cell Rep
19:1739-1749. https://doi.org/10.1016/j.celrep.2017.05.024
Hardy J, Salih D (2021) TREM2-mediated activation of microglia
breaks link between amyloid and tau. Lancet Neurol 20:416-417.
https://doi.org/10.1016/S1474-4422(21)00133-2

Harris MJ, Lane CA, Coath W, Malone IB, Cash DM, Barnes
J et al (2022) Familial British dementia: a clinical and multi-
modal imaging case study. J Neurol 269:3926-3930. https://doi.
org/10.1007/s00415-022-11036-8

Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng
L, Miller JA et al (2012) An anatomically comprehensive atlas
of the adult human brain transcriptome. Nature 489:391-399.
https://doi.org/10.1038/nature 11405

Hochgerner H, Zeisel A, Lonnerberg P, Linnarsson S (2018)
Conserved properties of dentate gyrus neurogenesis across
postnatal development revealed by single-cell RNA sequenc-
ing. Nat Neurosci 21:290-299. https://doi.org/10.1038/
$41593-017-0056-2

Hodges AK, Piers TM, Collier D, Cousins O, Pocock IM (2021)
Pathways linking Alzheimer’s disease risk genes expressed highly
in microglia. Neuroimmunol Neuroinflamm. https://doi.org/10.
20517/2347-8659.2020.60

Holton JL, Ghiso J, Lashley T, Rostagno A, Guerin CJ, Gibb G
et al (2001) Regional distribution of amyloid-Bri deposition and
its association with neurofibrillary degeneration in familial Brit-
ish dementia. Am J Pathol 158:515-526. https://doi.org/10.1016/
S0002-9440(10)63993-4

Holton JL, Lashley T, Ghiso J, Braendgaard H, Vidal R, Guerin
CJ et al (2002) Familial Danish dementia: a novel form of cerebral
amyloidosis associated with deposition of both amyloid-dan and
amyloid-Beta. J Neuropathol Exp Neurol 61:254-267. https://doi.
org/10.1093/jnen/61.3.254

Jonsson T, Stefansson H, Steinberg S, Jonsdottir I, Jonsson PV,
Snaedal J et al (2013) Variant of TREM?2 associated with the risk
of Alzheimer’s disease. N Engl J] Med 368:107-116. https://doi.
org/10.1056/nejmoal211103

Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-
Szternfeld R, Ulland TK et al (2017) A unique microglia type
associated with restricting development of Alzheimer’s disease.
Cell 169:1276-1290.e17. https://doi.org/10.1016/j.cell.2017.05.
018

Kim J, Miller VM, Levites Y, West KJ, Zwizinski CW, Moore
BD et al (2008) BRI2 (ITM2b) inhibits a deposition in vivo. J
Neurosci 28:6030-6036. https://doi.org/10.1523/INEUROSCI.
0891-08.2008

Kim SH, Wang R, Gordon DJ, Bass J, Steiner DF, Lynn DG et al
(1999) Furin mediates enhanced production of fibrillogenic ABri
peptides in familial British dementia. Nat Neurosci 2:984-988.
https://doi.org/10.1038/14783

Lake BB, Chen S, Sos BC, Fan J, Kaeser GE, Yung YC et al
(2018) Integrative single-cell analysis of transcriptional and epi-
genetic states in the human adult brain. Nat Biotechnol 36:70-80.
https://doi.org/10.1038/nbt.4038

Lashley T, Revesz T, Plant G, Bandopadhyay R, Lees AJ, Fran-
gione B et al (2008) Expression of BRI2 mRNA and protein in
normal human brain and familial British dementia: its relevance to


https://doi.org/10.1002/alz.13904
https://doi.org/10.1002/alz.13904
https://doi.org/10.1016/j.celrep.2020.108615
https://doi.org/10.1038/s41380-019-0410-8
https://doi.org/10.1038/s41380-019-0410-8
https://doi.org/10.1093/hmg/ddt439
https://doi.org/10.1186/s12918-017-0420-6
https://doi.org/10.1186/s12918-017-0420-6
https://doi.org/10.3233/JAD-131364
https://doi.org/10.3233/JAD-131364
https://doi.org/10.1016/j.cell.2020.06.038
https://doi.org/10.1016/j.cell.2020.06.038
https://doi.org/10.1006/jmbi.2001.4743
https://doi.org/10.1074/jbc.C500231200
https://doi.org/10.1074/jbc.C500231200
https://doi.org/10.1016/j.celrep.2017.12.066
https://doi.org/10.1016/j.celrep.2018.07.094
https://doi.org/10.1111/j.1749-6632.2000.tb06908.x
https://doi.org/10.1111/j.1749-6632.2000.tb06908.x
https://doi.org/10.1074/jbc.M105956200
https://doi.org/10.1074/jbc.M105956200
https://doi.org/10.1038/ng.3259
https://doi.org/10.1056/nejmoa1211851
https://doi.org/10.1056/nejmoa1211851
https://doi.org/10.1038/s41467-020-17514-9
https://doi.org/10.1016/j.celrep.2017.05.024
https://doi.org/10.1016/S1474-4422(21)00133-2
https://doi.org/10.1007/s00415-022-11036-8
https://doi.org/10.1007/s00415-022-11036-8
https://doi.org/10.1038/nature11405
https://doi.org/10.1038/s41593-017-0056-2
https://doi.org/10.1038/s41593-017-0056-2
https://doi.org/10.20517/2347-8659.2020.60
https://doi.org/10.20517/2347-8659.2020.60
https://doi.org/10.1016/S0002-9440(10)63993-4
https://doi.org/10.1016/S0002-9440(10)63993-4
https://doi.org/10.1093/jnen/61.3.254
https://doi.org/10.1093/jnen/61.3.254
https://doi.org/10.1056/nejmoa1211103
https://doi.org/10.1056/nejmoa1211103
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1016/j.cell.2017.05.018
https://doi.org/10.1523/JNEUROSCI.0891-08.2008
https://doi.org/10.1523/JNEUROSCI.0891-08.2008
https://doi.org/10.1038/14783
https://doi.org/10.1038/nbt.4038

Acta Neuropathologica

(2024) 148:65

Page150f16 65

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

the pathogenesis of disease. Neuropathol Appl Neurobiol 34:492—
505. https://doi.org/10.1111/j.1365-2990.2008.00935.x

Lee SH, Meilandt WJ, Xie L, Gandham VD, Ngu H, Barck KH
et al (2021) Trem?2 restrains the enhancement of tau accumula-
tion and neurodegeneration by p-amyloid pathology. Neuron
109:1283-1301.e6. https://doi.org/10.1016/j.neuron.2021.02.010
Leyns CEG, Gratuze M, Narasimhan S, Jain N, Koscal LJ, Jiang
H et al (2019) TREM?2 function impedes tau seeding in neuritic
plaques. Nat Neurosci 22:1217-1222. https://doi.org/10.1038/
$41593-019-0433-0

Lin YT, Seo J, Gao F, Feldman HM, Wen HL, Penney J et al
(2018) APOE4 causes widespread molecular and cellular altera-
tions associated with Alzheimer’s disease phenotypes in human
iPSC-derived brain cell types. Neuron 98:1141-1154.¢7. https://
doi.org/10.1016/j.neuron.2018.05.008

Liu X, Chen KL, Wang Y, Huang YY, Chen SD, Dong Q et al
(2021) A novel ITM2B mutation associated with familial Chinese
Dementia. J Alzheimer’s Dis 81:499-505. https://doi.org/10.3233/
jad-210176

Mancarci BO, Toker L, Tripathy SJ, Li B, Rocco B, Sibille E et al
(2017) Cross-laboratory analysis of brain cell type transcriptomes
with applications to interpretation of bulk tissue data. eNeuro 4.
https://doi.org/10.1523/ENEURO.0212-17.2017

Matarin M, Salih DA, Yasvoina M, Cummings DM, Guelfi S,
Liu W et al (2015) A genome-wide gene-expression analysis and
database in transgenic mice during development of amyloid or tau
pathology. Cell Rep 10:633—-644. https://doi.org/10.1016/j.celrep.
2014.12.041

Mead S, James-Galton M, Revesz T, Doshi RB, Harwood G, Lee
Pan E et al (2000) Familial British dementia with amyloid angi-
opathy. Early clinical, neuropsychological and imaging findings.
Brain 123:975-991. https://doi.org/10.1093/brain/123.5.975
Mertens J, Paquola ACM, Ku M, Hatch E, Bohnke L, Ladjevardi S
et al (2015) Directly reprogrammed human neurons retain aging-
associated transcriptomic signatures and reveal age-related nucle-
ocytoplasmic defects. Cell Stem Cell 17:705-718. https://doi.org/
10.1016/j.stem.2015.09.001

Michno W, Koutarapu S, Camacho R, Toomey C, Stringer K,
Minta K et al (2022) Chemical traits of cerebral amyloid angiopa-
thy in familial British-, Danish-, and non-Alzheimer’s dementias.
J Neurochem 163:233-246. https://doi.org/10.1111/jnc.15694
Nguyen AT, Wang K, Hu G, Wang X, Miao Z, Azevedo JA et al
(2020) APOE and TREM2 regulate amyloid-responsive microglia
in Alzheimer’s disease. Acta Neuropathol 140:477-493. https://
doi.org/10.1007/s00401-020-02200-3

Obayashi T, Kodate S, Hibara H, Kagaya Y, Kinoshita K (2023)
COXPRESdb v8: an animal gene coexpression database navigat-
ing from a global view to detailed investigations. Nucleic Acids
Res 51:D80-D87. https://doi.org/10.1093/nar/gkac983

Okita K, Matsumura Y, Sato Y, Okada A, Morizane A, Okamoto
Setal (2011) A more efficient method to generate integration-free
human iPS cells. Nat Methods 8:409-412. https://doi.org/10.1038/
nmeth.1591

Olah M, Menon V, Habib N, Taga MF, Ma Y, Yung CJ et al (2020)
Single cell RNA sequencing of human microglia uncovers a sub-
set associated with Alzheimer’s disease. Nat Commun 11:6129.
https://doi.org/10.1038/s41467-020-19737-2

Patani R, Lewis PA, Trabzuni D, Puddifoot CA, Wyllie DJA,
Walker R et al (2012) Investigating the utility of human embry-
onic stem cell-derived neurons to model ageing and neurodegen-
erative disease using whole-genome gene expression and splicing
analysis. ] Neurochem 122:738-751. https://doi.org/10.1111/j.
1471-4159.2012.07825.x

Peng S, Fitzen M, Jornvall H, Johansson J (2010) The extracel-
lular domain of Bri2 (ITM2B) binds the ABri peptide (1-23)
and amyloid B-peptide (AP1-40): implications for Bri2 effects

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

on processing of amyloid precursor protein and Af aggregation.
Biochem Biophys Res Commun 393:356-361. https://doi.org/10.
1016/j.bbrc.2009.12.122

Plant GT, Révész T, Barnard RO, Harding AE, Gautier-Smith
PC (1990) Familial cerebral amyloid angiopathy with nonneuritic
amyloid plaque formation. Brain 113(3):721-747. https://doi.org/
10.1093/brain/113.3.721

Podlesny-Drabiniok A, Marcora E, Goate AM (2020) Microglial
phagocytosis: a disease-associated process emerging from Alz-
heimer’s disease genetics. Trends Neurosci 43:965-979. https://
doi.org/10.1016/j.tins.2020.10.002

Qian Z, Qin J, Lai Y, Zhang C, Zhang X (2023) Large-scale inte-
gration of single-cell RNA-seq data reveals astrocyte diversity and
transcriptomic modules across six central nervous system disor-
ders. Biomolecules 13. https://doi.org/10.3390/biom13040692
Raina P, Guinea R, Chatsirisupachai K, Lopes I, Farooq Z, Guinea
C et al (2023) GeneFriends: gene co-expression databases and
tools for humans and model organisms. Nucleic Acids Res
51:D145-D158. https://doi.org/10.1093/nar/gkac1031
Ramasamy A, Trabzuni D, Guelfi S, Varghese V, Smith C, Walker
R et al (2014) Genetic variability in the regulation of gene expres-
sion in ten regions of the human brain. Nat Neurosci 17:1418-
1428. https://doi.org/10.1038/nn.3801

Rhyu J-M, Park J, Shin B-S, Kim Y-E, Kim E-J, Kim KW et al
(2023) A novel ¢.800G>C variant of the ITM2B gene in familial
Korean Dementia. J Alzheimer’s Dis 93:403—409. https://doi.org/
10.3233/JAD-230051

Sala Frigerio C, Wolfs L, Fattorelli N, Thrupp N, Voytyuk I,
Schmidt I et al (2019) The major risk factors for Alzheimer’s
disease: age, sex, and genes modulate the microglia response to
AP plaques. Cell Rep 27:1293-1306.¢6. https://doi.org/10.1016/].
celrep.2019.03.099

Salih DA, Bayram S, Guelfi S, Reynolds RH, Shoai M, Ryten
M et al (2019) Genetic variability in response to amyloid beta
deposition influences Alzheimer’s disease risk. Brain Commun
1. https://doi.org/10.1093/braincomms/fcz022

Saunders A, Macosko EZ, Wysoker A, Goldman M, Krienen FM,
de Rivera H et al (2018) Molecular diversity and specializations
among the cells of the adult mouse brain. Cell 174:1015-1030.
el6. https://doi.org/10.1016/j.cell.2018.07.028

Scheinin I, Sie D, Bengtsson H, Van De Wiel MA, Olshen AB,
Van Thuijl HF et al (2014) DNA copy number analysis of fresh
and formalin-fixed specimens by shallow whole-genome sequenc-
ing with identification and exclusion of problematic regions in the
genome assembly. Genome Res 24:2022-2032. https://doi.org/10.
1101/gr.175141.114

Schwab C, Hosokawa M, Akiyama H, McGeer PL (2003) Famil-
ial British dementia: colocalization of furin and ABri amy-
loid. Acta Neuropathol 106:278-284. https://doi.org/10.1007/
s00401-003-0735-9

Selkoe DJ, Hardy J (2016) The amyloid hypothesis of Alzheimer’s
disease at 25 years. EMBO Mol Med 8:595-608. https://doi.org/
10.15252/emmm.201606210

Seong-Hun KIM, Wang R, Gordon DJ, Bass J, Steiner DF, Thi-
nakaran G et al (2000) Familial British dementia: expression and
metabolism of BRI. Ann NY Acad Sci 920:93-99. https://doi.org/
10.1111/j.1749-6632.2000.tb06909.x

Sharma K, Schmitt S, Bergner CG, Tyanova S, Kannaiyan N,
Manrique-Hoyos N et al (2015) Cell type— and brain region—
resolved mouse brain proteome. Nat Neurosci 18:1819-1831.
https://doi.org/10.1038/nn.4160

Shi Y, Kirwan P, Smith J, Robinson HPC, Livesey FJ (2012)
Human cerebral cortex development from pluripotent stem cells
to functional excitatory synapses. Nat Neurosci 15(477-86):S1.
https://doi.org/10.1038/nn.3041

@ Springer


https://doi.org/10.1111/j.1365-2990.2008.00935.x
https://doi.org/10.1016/j.neuron.2021.02.010
https://doi.org/10.1038/s41593-019-0433-0
https://doi.org/10.1038/s41593-019-0433-0
https://doi.org/10.1016/j.neuron.2018.05.008
https://doi.org/10.1016/j.neuron.2018.05.008
https://doi.org/10.3233/jad-210176
https://doi.org/10.3233/jad-210176
https://doi.org/10.1523/ENEURO.0212-17.2017
https://doi.org/10.1016/j.celrep.2014.12.041
https://doi.org/10.1016/j.celrep.2014.12.041
https://doi.org/10.1093/brain/123.5.975
https://doi.org/10.1016/j.stem.2015.09.001
https://doi.org/10.1016/j.stem.2015.09.001
https://doi.org/10.1111/jnc.15694
https://doi.org/10.1007/s00401-020-02200-3
https://doi.org/10.1007/s00401-020-02200-3
https://doi.org/10.1093/nar/gkac983
https://doi.org/10.1038/nmeth.1591
https://doi.org/10.1038/nmeth.1591
https://doi.org/10.1038/s41467-020-19737-2
https://doi.org/10.1111/j.1471-4159.2012.07825.x
https://doi.org/10.1111/j.1471-4159.2012.07825.x
https://doi.org/10.1016/j.bbrc.2009.12.122
https://doi.org/10.1016/j.bbrc.2009.12.122
https://doi.org/10.1093/brain/113.3.721
https://doi.org/10.1093/brain/113.3.721
https://doi.org/10.1016/j.tins.2020.10.002
https://doi.org/10.1016/j.tins.2020.10.002
https://doi.org/10.3390/biom13040692
https://doi.org/10.1093/nar/gkac1031
https://doi.org/10.1038/nn.3801
https://doi.org/10.3233/JAD-230051
https://doi.org/10.3233/JAD-230051
https://doi.org/10.1016/j.celrep.2019.03.099
https://doi.org/10.1016/j.celrep.2019.03.099
https://doi.org/10.1093/braincomms/fcz022
https://doi.org/10.1016/j.cell.2018.07.028
https://doi.org/10.1101/gr.175141.114
https://doi.org/10.1101/gr.175141.114
https://doi.org/10.1007/s00401-003-0735-9
https://doi.org/10.1007/s00401-003-0735-9
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.15252/emmm.201606210
https://doi.org/10.1111/j.1749-6632.2000.tb06909.x
https://doi.org/10.1111/j.1749-6632.2000.tb06909.x
https://doi.org/10.1038/nn.4160
https://doi.org/10.1038/nn.3041

65

Page 16 of 16

Acta Neuropathologica (2024) 148:65

62.

63.

64.

65.

66.

67.

68.

69.

70.

Sposito T, Preza E, Mahoney CJ, Set6-Salvia N, Ryan NS, Morris
HR et al (2015) Developmental regulation of tau splicing is dis-
rupted in stem cell-derived neurons from frontotemporal dementia
patients with the 10 + 16 splice-site mutation in MAPT. Hum Mol
Genet 24:5260-52609. https://doi.org/10.1093/hmg/ddv246
Stromgren E, Dalby A, Dalby MA, Ranheim B (1970) Cataract,
deafness, cerebellar ataxia, psychosis and dementia—a new syn-
drome. Acta Neurol Scand 46:261-262. https://doi.org/10.1111/j.
1600-0404.1970.tb02219.x

Tamayev R, Matsuda S, Fa M, Arancio O, D’Adamio L (2010)
Danish dementia mice suggest that loss of function and not the
amyloid cascade causes synaptic plasticity and memory deficits.
Proc Natl Acad Sci 107:20822-20827. https://doi.org/10.1073/
pnas.1011689107

Todd K, Fossati S, Ghiso J, Rostagno A (2014) Mitochondrial dys-
function induced by a post-translationally modified amyloid linked
to a familial mutation in an alternative model of neurodegenera-
tion. Biochim Biophys Acta Mol Basis Dis 1842:2457-2467.
https://doi.org/10.1016/j.bbadis.2014.09.010

Tomidokoro Y, Lashley T, Rostagno A, Neubert TA, Bojsen-
Mgller M, Braendgaard H et al (2005) Familial Danish demen-
tia: co-existence of Danish and Alzheimer amyloid subunits
(ADan and Ap) in the absence of compact plaques. J Biol Chem
280:36883-36894. https://doi.org/10.1074/jbc.M504038200
Tuddenham JF, Taga M, Haage V, Roostaei T, White C, Lee A
et al (2022) A cross-disease human microglial framework identi-
fies disease-enriched subsets and tool compounds for microglial
polarization. bioRxiv. https://doi.org/10.1101/2022.06.04.494709
Vidal R, Frangione B, Rostagno A, Mead S, Révész T, Plant G
et al (1999) A stop-codon mutation in the BRI gene associated
with familial British dementia. Nature 399:776-781. https://doi.
org/10.1038/21637

Vidal R, Révész T, Rostagno A, Kim E, Holton JL, Bek T et al
(2000) A decamer duplication in the 3’ region of the BRI gene
originates an amyloid peptide that is associated with dementia in
a Danish kindred. Proc Natl Acad Sci USA 97:4920-4925. https://
doi.org/10.1073/pnas.080076097

Villegas-Llerena C, Phillips A, Reitboeck PG, Hardy J, Pocock JM
(2016) Microglial genes regulating neuroinflammation in the pro-
gression of Alzheimer’s disease. Curr Opin Neurobiol 36:74-81.
https://doi.org/10.1016/j.conb.2015.10.004

@ Springer

71.

72.

73.

74.

75.

76.

7.

78.

Willander H, Presto J, Askarieh G, Biverstal H, Frohm B, Knight
SD et al (2012) BRICHOS domains efficiently delay fibrillation
of amyloid p-peptide. J Biol Chem 287:31608-31617. https://doi.
org/10.1074/jbc.M112.393157

Wohlschlegel J, Argentini M, Michiels C, Letellier C, Forster V,
Condroyer C et al (2021) First identification of ITM2B interac-
tome in the human retina. Sci Rep 11:17210. https://doi.org/10.
1038/541598-021-96571-6

Worster-Drought C, Hill TR, Mcmenemey WH (1933) Familial
presenile dementia with spastic paralysis. J Neurol Neurosurg Psy-
chiatry S1-14:27-34. https://doi.org/10.1136/jnnp.s1-14.53.27
Xiang X, Piers TM, Wefers B, Zhu K, Mallach A, Brunner B
et al (2018) The Trem2 R47H Alzheimer’s risk variant impairs
splicing and reduces Trem2 mRNA and protein in mice but not
in humans. Mol Neurodegener 13:49. https://doi.org/10.1186/
$13024-018-0280-6

Yin T, Yao W, Lemenze AD, D’Adamio L (2021) Danish and
British dementia ITM2b/BRI2 mutations reduce BRI2 protein
stability and impair glutamatergic synaptic transmission. J Biol
Chem 296:100054. https://doi.org/10.1074/jbc.RA120.015679
Yin T, Yesiltepe M, D’Adamio L (2024) Functional BRI2-TREM2
interactions in microglia: implications for Alzheimer’s and related
dementias. EMBO Rep 25:1326-1360. https://doi.org/10.1038/
$44319-024-00077-x

Zhang Y, Chen K, Sloan SA, Bennett ML, Scholze AR, O’Keeffe
S et al (2014) An RNA-sequencing transcriptome and splicing
database of glia, neurons, and vascular cells of the cerebral cor-
tex. J Neurosci 34:11929-11947. https://doi.org/10.1523/INEUR
OSCI.1860-14.2014

Zhang Y, Sloan SA, Clarke LE, Caneda C, Plaza CA, Blumenthal
PD et al (2016) Purification and characterization of progenitor
and mature human astrocytes reveals transcriptional and func-
tional differences with mouse. Neuron 89:37-53. https://doi.org/
10.1016/j.neuron.2015.11.013

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1093/hmg/ddv246
https://doi.org/10.1111/j.1600-0404.1970.tb02219.x
https://doi.org/10.1111/j.1600-0404.1970.tb02219.x
https://doi.org/10.1073/pnas.1011689107
https://doi.org/10.1073/pnas.1011689107
https://doi.org/10.1016/j.bbadis.2014.09.010
https://doi.org/10.1074/jbc.M504038200
https://doi.org/10.1101/2022.06.04.494709
https://doi.org/10.1038/21637
https://doi.org/10.1038/21637
https://doi.org/10.1073/pnas.080076097
https://doi.org/10.1073/pnas.080076097
https://doi.org/10.1016/j.conb.2015.10.004
https://doi.org/10.1074/jbc.M112.393157
https://doi.org/10.1074/jbc.M112.393157
https://doi.org/10.1038/s41598-021-96571-6
https://doi.org/10.1038/s41598-021-96571-6
https://doi.org/10.1136/jnnp.s1-14.53.27
https://doi.org/10.1186/s13024-018-0280-6
https://doi.org/10.1186/s13024-018-0280-6
https://doi.org/10.1074/jbc.RA120.015679
https://doi.org/10.1038/s44319-024-00077-x
https://doi.org/10.1038/s44319-024-00077-x
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1523/JNEUROSCI.1860-14.2014
https://doi.org/10.1016/j.neuron.2015.11.013
https://doi.org/10.1016/j.neuron.2015.11.013

	Microglia contribute to the production of the amyloidogenic ABri peptide in familial British dementia
	Abstract
	Introduction
	Materials and methods
	Cell Culture
	qPCR
	Immunocytochemistry
	Immunohistochemistry
	In situ hybridisation
	Thioflavin staining
	Western blotting
	Gene coexpression analysis
	Gene knockdown
	Statistical analysis

	Results
	Patient-derived microglia generate the amyloidogenic ABri peptide
	Post mortem immunohistochemistry shows colocalization of ABri and microglial markers
	Gene coexpression networks supports a role for ITM2BBRI2 in disease associated microglial responses

	Discussion
	Acknowledgements 
	References


