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Human brain organoids containing microglia ==

that have arisen innately adapt to a f-amyloid
challenge better than those in which microglia
are integrated by co-culture
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Abstract

Background Alzheimer disease (AD) is a heterogenous and multifactorial disease, and its pathology is partly driven
by microglia and their activated phenotype. Brain organoids (BOs) are gaining prominence as a relevant model

of the human brain for the study of AD; however, BOs are commonly devoid of microglia. To overcome this limitation,
current protocols incorporate microglia through either (1) co-culture (BO co-culture), or (2) molecular manipulation
at critical windows of BO development to have microglia arise innately (BO innate cultures). It is currently unclear
whether the microglia incorporated into BOs by either of these two protocols differ in function.

Methods At in vitro day 90, BO innate cultures and BO-co-cultures were challenged with the AD-related 3-amyloid
peptide (AB) for up to 72 h. After AR challenge, BOs were collected for immunoblotting. Immunoblots compared
immunodensity and protein banding of AR and ionized calcium-binding adapter molecule 1 (IBA1, a marker of micro-
glial activation) in BOs. The translational potential of these observations was supported using 56 human cortical
samples from neurocognitively normal donors and patients with early-onset AD and late-onset AD. Statistical analyses
were conducted using the Kruskal-Wallis test, a two-way ANOVA, or a simple linear regression, and where applicable,
followed by Dunn’s or Sidak's test.

Results We show that BO co-cultures promote AR oligomerization as early as 24 h and this coincides with a sig-
nificant increase in IBAT1 levels. In contrast, the ABs do not oligomerize in BO innate cultures and the IBA1 response
was modest and only emerged after 48 h. In human cortical samples, we found IBA1 levels correlated with age

at onset, age at death, and the putative diagnostic AR(1-42)/AB(1-40) ratio (particularly in their oligomeric forms)
in a sex-dependent manner.

Conclusions Our unique observations suggest that BOs with innate microglia model the response of a healthy
brain to AR, and by extension the initial stages of AB challenge. It would be impossible to model these early stages
of pathogenesis in BOs where microglia are already compromised, such as those with microglia incorporated

by co-culture.
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Introduction

Brain organoids (BOs) are gaining prominence as a rele-
vant model of the human brain for the study of neurode-
generative disorders, such as Alzheimer disease (AD). BO
is an umbrella term for many different three-dimensional
cultures, including a variety of unguided and regionalized
models with their own advantages and limitations [I,
2]. Commonly used BO protocols are devoid of micro-
glia, which are the innate immune cells of the brain [2].
This lack of microglia in BOs may represent a limitation
in studies using BOs to examine AD-related pathology,
given that microglial dysfunction is thought to contribute
to AD pathology and play a significant role in -amyloid
peptide (AP) accumulation and deposition as dense-core
plaques [3, 4]. To overcome this limitation, many stud-
ies resort to co-culturing induced pluripotent stem cell
(iPSC)-derived microglia with BOs (BO co-cultures), as
these cells will infiltrate the BO [5, 6]. However, the phe-
notype of microglia and their functions are known to
irreversibly change when cultured outside a brain-like
milieu [7]. As iPSC-derived microglia are commonly gen-
erated outside a brain-like milieu, it is unclear to what
extent this altered function is retained when these cells
are introduced into BOs by co-culture and, if retained,
whether this altered function could unwittingly drive
a phenotype and bias the interpretation of outcomes.
An alternative method to incorporating microglia-like
cells into BOs is by manipulating culture conditions of
BOs so that these immune cells arise innately during the
development of the BO and retain a more homeostatic,
i.e. healthy, signature [8—10]. The latter approach will be
referred to as BO innate cultures herein. To date there
have not been any studies that have directly compared
these cultures to determine which one may exhibit more
relevant pathophysiological responses, but it is hypoth-
esized that BO innate cultures may exhibit more transla-
tionally-relevant responses [11].

There are several accepted markers of microglia,
including IBA1 (ionized calcium-adapter molecule 1),
which is a cytoplasmic protein expressed by cells of a
myeloid lineage and is thought to be involved in mem-
brane ruffling, motility, and phagocytosis [12—14]. Sys-
tematic reviews conclude IBA1l does not increase in
the AD brain across the entire patient population [12].
Although, in response to select stimuli, the expression
of IBA1 increases in vitro and in vivo, and this increase
is thought to reflect an ‘activated’ state as it is implicated
in the increased phagocytic activity of microglia [15-17].
The AD-associated APs have been found to elicit a strong
inflammatory response through the activation of micro-
glia. For example, oligomeric and fibrillar AP induce dif-
ferent microglial phenotypes [18], and fibrillar A burden
precedes the activation of microglia in older mice that
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carry the APPSwe and PSEN1(AEx9) transgenes that are
used to exacerbate AD-related amyloidosis [19]. Interest-
ingly, in older (>80 years) AD patients, the removal of
amyloid plaques using anti-Ap immunotherapy results
in an increase in IBA1 expression, although this does not
correlate with either total AP burden or AB(1-42) levels
[20]. In general, there is a lack of direct evidence of the
effects of different APs on the expression levels of IBA1
3,4, 12].

We chose to characterize IBA1 expression in BO co-
cultures and BO innate cultures exposed to exogenous
ApBs of different lengths, some of which have been shown
to be neuroprotective, while others have been associated
with AD-related pathology [21]. The translational poten-
tial of our observations was explored by comparing the
IBA1 response in these experiments to IBA1 expression
levels in 56 human cortical samples from neurocogni-
tively normal donors as well as patients with early-onset
AD (EOAD, onset<65 years of age) and late-onset AD
(LOAD, onset>65 years of age). We demonstrate that
BO co-cultures as well as BO innate cultures can take
up the exogenous Afs; however, BO co-cultures accu-
mulate AP in the form of increasingly higher molecular
weight species (e.g., oligomers), whereas Afs in the BO
innate cultures are detected primarily as monomers. The
oligomeric AP species in BO co-cultures coincide with
an increase in IBA1 levels, whereas the IBA1 response
was milder and delayed in the BO innate cultures. These
observations suggest that the co-cultured microglia may
be functionally impaired, whereas the innate microglia
have a capacity to manage an increase in AP availability.
Thus, the BO innate cultures may give more translat-
able insight into how the ‘healthy’ brain could respond
to increases in APs, and could, in turn, be exploited as a
way to model some of earliest stages of amyloidosis asso-
ciated with AD when the brain still has fully functional
microglia-based adaptive mechanisms. Lastly, to clear up
the conflicting reports implicating IBA1 changes in AD
[12], we show the levels of IBA1 correlate with impor-
tant disease characteristics, such as age at onset (AAO),
age at death (AAD), the insoluble AB(1-42)/Ap(1-40)
ratio, and the soluble AP(1-42)/AB(1-40) ratio in a sex-
dependent manner. Importantly, these correlations, with
the exception of the soluble AP(1-42)/AB(1-40) ratio,
are associated with samples obtained from donors diag-
nosed with EOAD. This suggests that targeting microglia
for therapeutic intervention may provide less benefit in
cases of AD that are diagnosed far later in life.

Materials and methods

Human tissues, antibodies, and reagents

Human autopsy cortical brain samples correspond to a
mix of superior and middle frontal cortices (Brodmann
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Areas 9/46, respectively). These areas are associated
with executive function and cognition [22] and show sig-
nificant changes in, for example, transcription already
at the earliest stages of disease [23]. The brain samples
represent individuals with no cognitive deficits, EOAD
or LOAD, and the demographic characteristics of these
donors are summarized in Table 1. De-identified human
donor information is detailed in Supplementary Table 1.
L-ascorbic acid, ethylenediaminetetraacetic acid
(EDTA), heparin, Lowry assay kit (Peterson’s modifica-
tion), protease inhibitor cocktail and sodium selenite were
purchased from Millipore Sigma (Oakville, ON, Canada).
Transforming growth factor-f1 (TGF-B1; cat# 100-21)
was purchased from Peprotech (Cranbury, NJ, USA).
Recombinant human transferrin (cat# 777TRF029) was
purchased from InVitria (Fort Collins, CO, USA). Radio-
immunoprecipitation assay buffer (RIPA) and the ROCK
inhibitor Y-27632 (cat# 13624S) were purchased from
Cell Signaling Technologies (Whitby, ON, Canada). EB
formation media was purchased from STEMCELL Tech-
nologies (Vancouver, BC, Canada). Synthetic AP(1-38)
(cat#: H-2966), AB(1-40) (cat# H-1194), and AB(1-42)

Table 1 Demographic characteristics of donors

Summary statistics

Sex (n, %)

Male 25, 44.64%

Female 31,55.36%

AD status (n, %)

Neurocognitively normal 25,44.6%
Male 12,21.4%
Female 13,23.2%

Early-onset AD 15,26.8%
Male 6,10.7%
Female 9, 16.0%

Late-onset AD 16, 28.6%
Male 7,12.5%
Female 9,16.1%

Age, years (mean +SD)

All donors 70.2+12.9
Male 73.1£10.1
Female 67.8+143

Neurocognitively normal 69.3+11.6
Male 70.7+94
Female 68.1+13.1

Early-onset AD 59.0+7.6
Male 650+2.7
Female 550+72

Late-onset AD 82.1+7.6
Male 843+36
Female 80.3+£9.2
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(cat# H-1368) were obtained from Bachem Americas Inc.
(Torrance, CA, USA) and the amino acid composition
was confirmed by mass spectrometry as we have previ-
ously done [21]. Antibodies and their suppliers are pro-
vided in Table 2. All other reagents were sourced from
Fisher Scientific (Ottawa, ON, Canada).

Inducible pluripotent stem cell (iPSC) maintenance

The UCSDO087i-6-4 (87i, neurocognitively normal female
donor) and UCSDO086i-6-3 (86i, neurocognitively nor-
mal male donor) induced pluripotent stem cell sibling
lines were purchased from WiCell (Madison, WI, USA).
iPSCs were cultured feeder-free on 6-well plates coated
with Matrigel " human embryonic stem cell (hESC)-qual-
ified matrix in a humidified 37 °C, 5% CO, and 95% air
atmosphere. iPSCs were maintained in iPSC basal media
(Table 3) and supplemented with 1 ng/ml TGF-f1 and
25 ng/ml fibroblast growth factor 2 (FGF2).

Generation of unguided brain organoids (BOs)

and iPSC-derived microglia

The protocol for generating human unguided BOs is
described elsewhere [24, 25]. To create BO innate cul-
tures, iPSCs were incubated for five min in 0.5 mM
EDTA, removed from the plate, and resuspended at
9% 10* iPSCs/ml in iPSC basal media (Table 3) with
10 uM Y-27632 inhibitor and 25 ng/ml FGF2. 9x10°
iPSCs were seeded in a 96-well ultra-low attachment
round-bottom plate. 24 h later, 100 pl of iPSC basal
media were added to each well. On day five, embry-
oid bodies (EBs) were transferred to a 24-well ultra-low
attachment plate (one EB per well) containing 500 pl of
iPSC basal media and 1 pg/ml heparin. On day seven,
media was replaced with 500 pl of ice-cold iPSC basal
media containing 1X B27 without vitamin A and 3% v/v
Matrigel, and on day 10, 500 pl of iPSC basal media con-
taining 1X B27 with vitamin A was added to each well
and incubated for seven days. Media was replaced weekly
with 1250 pl of iPSC basal media containing 1X B27 with
vitamin A. BOs were maintained at 37 °C in humidi-
fied 5% CO, and 95% air atmosphere on an orbital plate
shaker set at 0.118 g. BOs were harvested at day 90 for
immunoblotting.

BO co-cultures were generated in a similar manner
with minor modifications to prevent the arising of micro-
glial populations innately. Specifically, the differences are
that iPSCs were seeded in EB formation media (STEM-
CELL Technologies) with 10 uM Y-27632 inhibitor when
generating BOs, and iPSC-derived microglia (from the
same donor) were integrated by co-culture at day 60.
iPSC-derived microglia were generated as described else-
where [24, 26] with minor modifications. In brief, iPSCs
were removed from the plate with 0.5 mM EDTA and
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Table 2 List of antibodies used
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Primary antibodies

Target (for Western blotting) Catalogue number Dilution Amount of protein
loaded for western
blotting (ng)

Rabbit anti-B-actin Cell Signaling Technology Catit 4970 1:5000 15

Mouse anti-GAPDH Cell Signaling Technology Cat# 97166 1:2000 15

Rabbit anti-IBA1 Abcam 1:1000 15

Cat# ab178846

Rabbit anti-TUBB3 Millipore Sigma Cat# 72200 1:5000 15

Mouse anti-B-amyloid(1-16) Biolegend Cati# 803003 1:1000 15

Target (for immunohistochemistry) Catalogue number Dilution

Mouse anti-TMEM119 Millipore Sigma 1:200

Cat# AMADb91528
Rabbit anti-IBA1 Abcam 1:200
Cat# ab178846
Rabbit anti-TUBB3 Millipore Sigma Cat# T2200 1:200
Secondary antibodies
Target (for Western blotting) Catalogue number Dilution
IRDye® 680RD anti-rabbit IgG LI-COR biosciences Cati# 926-68071 1:20,000
IRDye® 680RD anti-mouse IgG LI-COR biosciences Cati# 926-68070 1:20,000
IRDye® 800CW anti-rabbit IgG LI-COR biosciences Cati# 926-32211 1:20,000
IRDye® 800CW anti-mouse IgG LI-COR biosciences Cat# 926-32210 1:20,000
Target (for immunohistochemistry) Catalogue number Dilution
Donkey anti-Rabbit IgG, Alexa Fluor™ 594 ThermoFisher 1:2000
Scientific
Cat# A21207

Donkey anti-Rabbit IgG, Alexa Fluor™ 488 ThermoFisher 1:2000
Scientific
Cat#t A32790

Goat anti-Mouse IgG, Alexa Fluor™ 488 ThermoFisher 1:2000
Scientific
Cat# A11029

Goat anti-Mouse IgG, Alexa Fluor™ 594 ThermoFisher 1:2000
Scientific
Cat#t A11005

TUBB3 Blll-tubulin, IgG immunoglobulin G, IBAT ionized calcium-binding adapter molecule 1, GAPDH glyceraldehyde 3-phosphate dehydrogenase, TMEM119

transmembrane protein 119

Table 3 Induced pluripotent stem cell (iPSC) basal media used
in all experiments

iPSC basal media

50:50 mixture of Dulbecco’s Modified Eagle Medium and Ham's F-12
Nutrient Mixture (DMEM-F12)

15 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES)
2 mM L-alanyl-L.-glutamine dipeptide

20 pg/ml recombinant human insulin

20 pg/ml recombinant human transferrin

20 ng/ml sodium selenite

0.2 mg/ml L-ascorbic acid

transferred to a Matrigel-coated 12-well plate in iPSC
basal media with 5 ng/ml bone morphogenetic pro-
tein 4 (BMP4), 25 ng/ml Activin A, 25 ng/ml FGF2 and
1 pM CHIR99021 (Media A). On day 2, half the media
was removed and replaced with fresh Media A. On day
3, media was fully replaced with iPSC basal media with
50 ng/ml vascular endothelial growth factor (VEGEF),
50 ng/ml stem cell factor (SCF), 25 ng/ml FGF2 and
10 pM SB431542. On day 5, media was replaced with
iPSC basal media containing 50 ng/ml VEGE, 10 ng/ml
SCF, 50 ng/ml interleukin (IL)-6, 10 ng/ml IL-3, 25 ng/
ml FGF2, and 50 ng/ml thrombopoietin (Media B). Half-
media changes with Media B were done until day 13.
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Non-adherent microglial precursor cells were transferred
to a well of a Matrigel-coated 6-well plate at a density of
2.2x10%*cm? in iPSC basal media with 100 ng/ml IL-34,
1X B27 with Vitamin A, and 25 ng/ml macrophage-col-
ony stimulating factor (M-CSF). Until day 24, half-media
changes were conducted every second day with iPSC
basal media with 10 ng/ml IL-34, 1X B27 with Vitamin
A, and 2.5 ng/ml M-CSF. On day 24, both adherent and
non-adherent cells were transferred to a new Matrigel-
coated 6-well plate at a density of 1x10° cells/cm? in
iPSC basal media with 10 ng/ml IL-34, 2.5 ng/ml M-CSE,
50 ng/ml TGF-P1, 25 ng/ml cluster of differentiation 200
(CD200), 100 ng/ml fractalkine and 1X B27 with Vitamin
A (microglia maintenance media). Half-media changes
were conducted every second day with microglia main-
tenance media until day 34. On day 34, 5x10° micro-
glia-like cells were transferred to the 60-day in vitro BO
cultures as described in other publications [5]. We have
previously shown this differentiation protocol results in
microglia that are TMEM119+and IBA1+ [24].

Treatment of BOs with B-amyloid peptides (Af)

AP species were reconstituted in hexafluoroisopropanol
(HFIP) to disrupt any preexisting -sheet structures [27].
HFIP was evaporated and AP species were reconstituted
in sterile water prior to addition to BO cultures. AP spe-
cies, including AP of 42 amino acids (AB(1-42)), AP of 40
amino acids (AP(1-40)), and A of 38 amino acids (AB(1-
38)), were used at 10 pM concentrations. At in vitro day
90, BOs were treated for 24—72 h with different AP spe-
cies or its vehicle solution (water) and then were col-
lected for immunoblotting or immunohistochemistry.

Immunoblotting

BOs were homogenized in RIPA buffer containing pro-
tease inhibitor cocktail. Samples were triturated with a
one-ml pipette, homogenized using a 22-gauge needle,
and sonicated. Protein concentration was quantified by
the Lowry assay and equalized to 0.5 pug/ul in 1% loading
buffer (0.2 M Tris pH 6.8, 40% glycerol, 8% sodium dode-
cyl sulfate, 20% p-mercaptoethanol, 0.4% bromophenol
blue). We avoided heating the samples so as to prevent
protein aggregation.

For resolving APs, RIPA-soluble lysate fractions were
resolved using a discontinuous 8 M urea/12% SDS-PAGE
system as we have previously done for examining APs in
human brain tissues and transferred onto a nitrocellulose
membrane [21, 28]. As before, boiling the nitrocellulose
membrane is critical for detection of the ABs when using
urea gel electrophoresis. Membranes were blocked in
1% bovine serum albumin (BSA) in TRIS-buffered saline
(TBS: 25 mM Tris pH 7.4, 137 mM NaCl) and probed
overnight (4 °C) with the 6E10 antibody (raised against

Page 5 of 15

residues 1-16 of the AP) diluted in 5% BSA in TBS-T
(TBS with 0.1% Tween®20), washed thrice with TBS-T
over 30 min, incubated with secondary fluorescently-
labelled antibodies for one hour, and then washed again
three times. For all other proteins, proteins were resolved
on a 12% acrylamide gel, and resolved proteins were elec-
troblotted onto a nitrocellulose membrane and blocked
in 5% BSA in TBS for one hour. The duration of washes,
incubation time with antibodies, and the solutions were
identical to those used for AP immunoblotting. Details
regarding protein loading and antibodies, including their
catalogue numbers and dilutions, are summarized in
Table 2. Proteins were visualized with a LI-COR Odys-
sey® Imager and densitometric analyses were done using
the manufacturer’s software (Image Studio 5.3.5, LI-COR
Biosciences, Lincoln, NE, USA).

Immunohistochemistry

BOs were washed three times with sterile PBS and fixed
in 4% paraformaldehyde for 16 h at 4 °C. 24 h later, the
fixed organoids were incubated in a 15% sucrose-PBS
solution for 24 h at 4 °C, followed by an additional 24 h
in a 30% sucrose-PBS solution. Organoids were then
embedded in optimal cutting temperature (OCT) com-
pound in a mould. Tissues were flash frozen in a dry ice-
ethanol bath, sectioned (15 pm) using a Leica CM1950
cryostat and microtome, and mounted on SuperFrost
Plus microscope slides. Organoid sections were washed
with PBS at room temperature for 5 min to remove OCT,
immersed in blocking solution (5% normal donkey serum
in a 0.1% Tween®20-PBS solution (PBS-T)) for one h, and
incubated for 16 h at 4 °C in a humidified chamber with
primary antibodies (Table 2) diluted in 5% normal don-
key serum in PBS-T. After three washes with PBS-T over
30 min, organoid sections were incubated with secondary
antibodies (Table 2) at room temperature in a humidi-
fied chamber for two h, followed by three additional
washes with PBS-T. ProLong " Glass Antifade Mountant
with NucBlue" was added and a coverslip placed on top.
Slides were cured for 24 h at room temperature prior to
imaging on a Zeiss Axiolmager M.1 widefield microscope
or an Olympus FV-1000 confocal microscope.

Statistical analysis

Data (mean *standard deviation (SD)) were analyzed
using the (1) nonparametric Kruskal-Wallis test or
Friedman’s test, followed by the Dunn’s or the Sidak’s
post-hoc test, (2) the parametric two-way ANOVA, fol-
lowed by Sidak’s post-hoc test, or (3) a simple linear
regression (GraphPad Prism 9.2). Significance was estab-
lished at p<0.05. Where applicable, the Kruskal-Wal-
lis H value, the Friedman’s value (Fr) and the two-way
ANOVA F value are reported, which are used to calculate
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the p value. Higher H and Fr values indicate greater dif-
ferences in medians, whereas higher F values indicate
greater difference in means. Each human brain data-
point was derived from a different donor (Supplementary
Table 1), and the iPSC lines used to generate data-points
are defined in captions. For BO immunoblotting experi-
ments, five BOs from the same batch were collected in a
microcentrifuge tube and homogenized. Five BOs yielded
enough total protein per condition for immunoblotting
experiments as we have previously described [29]. This
was repeated across four (N=4) independent batches of
BOs grown on different days. Therefore, each BO data-
point represents a different batch of organoid grown
from the indicated iPSC line.

Results

Microglia are integrated into BOs using a co-culture

or innate generation protocol

Microglia, which are characterized by their co-expres-
sion of TMEM119 and IBA1 [30], were integrated into
unguided BOs through either a co-culture or chemical
method as we and others have previously described [5,
24, 25]. Figure 1A shows the schematic for generating BO
innate cultures and BO co-cultures, as well as representa-
tive images of their development. BOs were cultured for
90 days, as we have recently shown this is a time point
that BO innate cultures contain glia and neurons [25,
29]. At 90 days of culture, BO innate cultures expressed
TMEM119+and IBA+ microglia-like cells (Fig. 1B, left),
and the TMEM119+ microglia-like cells (which were pre-
viously shown to be TMEM119+and IBA1+ [24]) were
present in BO co-cultures (Fig. 1B, right). The microglia
in BO innate cultures also appeared to be more uniformly
distributed throughout the tissues (Fig. 1B, left), whereas
BO co-cultures had areas of high microglial density sur-
rounded by areas that had none (Fig. 1B, right). The mor-
phology of these microglia in BO innate cultures and BO
co-cultures was also distinct (Fig. 1C).

Exogenous ABs accumulate and oligomerize in BO
co-cultures, but not in BO innate cultures

We have previously demonstrated that ABs added to cul-
ture medium can penetrate BOs, and we have shown that
AP species oligomerize within 24 h in other systems [21,
24]. However, it is unclear how the presence of microglia
can alter AP accumulation and fibril behaviour. We chose
to test this using BOs, which are a translationally relevant
model of the human brain. We treated BO innate cul-
tures and BO co-cultures with exogenous Aps of differ-
ent lengths for 24 h. Immunoblotting revealed ABs could
be detected in the lysate of BO innate cultures (Fig. 2A),
but at levels lower than those in BO co-cultures (Fig. 2B).
Unlike the APs in BO innate cultures (Fig. 2C), the APs in
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the BO co-cultures were clearly oligomerized, with some
combinations of APs, namely AB(1-42) and AP(1-38),
inducing a strong ~ 10 kDa dimer (Fig. 2D). Levels of the
housekeeping protein B-actin were used for normalizing
data as well as demonstrating equal loading across lanes
(Fig. 2C, D).

IBA1 expression differs between BO co-cultures and BO
innate cultures in response to exogenous Afs

The literature suggests APs activate human microglia in
a near IBAl-independent manner [3, 4, 12]. We meas-
ured the expression of IBA1 in our BO co-culture and BO
innate culture lysates. The IBA1 levels of BO innate cul-
tures did not increase after a 24 h exposure to any of the
ApBs (Fig. 3A), whereas the IBA1 levels of BO co-cultures
increased after exposure to AP(1-42) and a combina-
tion of AP(1-42) plus AP(1-40) (Fig. 3B). Representa-
tive immunoblots are shown below the graphs. We then
investigated whether BO innate cultures could respond
to a prolonged exposure to AP(1-42). The IBA1 lev-
els of BO innate cultures increased after being exposed
to AP(1-42) for 48 h and 72 h in female and male BOs,
respectively (Fig. 4A), but densitometric analyses indi-
cated that these IBA1 levels were still lower than those
observed in BO co-cultures exposed to AP(1-42) for
only 24 h (Fig. 3B). As AB(1-42) exposure is neurotoxic
[21, 31], possibly through a neuroinflammatory mecha-
nism [32, 33], we tested whether this Af(1-42) exposure
in BO innate cultures resulted in a loss of the neuronal
protein TUBB3 (B3-Tubulin). TUBB3 levels in BO innate
cultures were not affected by AB(1-42) exposures at any
time-point tested (Fig. 4B). Representative immunoblots,
including those of GAPDH (glyceraldehyde 3-phosphate
dehydrogenase), are shown in Fig. 4C.

Autopsy brain tissue reveals a correlation between IBA1
expression in the female Alzheimer disease (AD) brain

and age at onset (AAO), but not duration of the disease
itself

A variety of factors have been considered for their pos-
sible influence on IBA1 levels in the context of AD,
including APOE and TREM?2 risk variants, dementia,
AD histopathology, and AD Braak staging [14, 34—38].
In contrast, there are reports that do not support any
change in the number of IBA1+cells in the AD brain
[39-42]. A systematic review on the topic concluded
that IBA1l levels do not categorically increase or
decrease across all AD patients [12]. This is not unex-
pected as AD is a multifactorial and heterogenous
disease, with several types and classes of this neuro-
degenerative disorder—some of which implicate an
inflammatory phenotype, where others do not—being
reported using different analytical modalities [43—-45].
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A EB Heparin _ Vitamin A - Vitamin A+
media media

Day in vitro 0 5 7 10

00.8?

Add iPSC-derived microglia
for BO co-cultures

BO innate cultures BO co-cultures
IBA1 TMEM119

TMEM119

Fig. 1 BOs were grown as described elsewhere [24, 25], and A BOs used in experiments exhibit the expected visual markers of proper
development. Indirect immunofluorescence shows that (B, left) TMEM119+and IBAT+ microglia cells are distributed throughout the tissue of BO
innate cultures, whereas (B, right) BO co-cultures have areas of high microglia density and areas of no microglia. C High magnification inserts

showing the morphology of microglia in each BO culture. Scale bars: A T mm, B 200 um, and € 25 pm. All images were generated using BOs
derived from the 87iiPSC line

Pooling of data across broad categories of patients with  consideration of a personalized medicine approach to
a heterogeneous disease limits our understanding of management of AD.

AD, whereas identifying trends within patient popula- Aside from two studies considering risk variants [14,
tions may help to inform on treatments that may work  37], prior studies investigating the relationship of IBA1
for a specific subset of patients and in turn support and AD predominately categorized patient samples based
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Fig. 2 Aps are processed more efficiently in A BOs with innate microglia than B BOs with co-culture microglia. 10 pM exogenous ABs or its vehicle
solution (water) was added to the culture media of BOs with A innate microglia or B co-culture microglia, and then cultures were incubated

for 24 h. A, B Data from four independent experiments are presented as mean + SD. *p < 0.05 according to the Dunn’s test following the randomized
block Kruskal-Wallis test (p and H values shown on the figures). C, D Representative images of membranes probed with A (6E10) or 3-actin
antibodies are shown, and were used in densitometric analyses to generate the graphs shown in A, B. A-D Figures were generated using the 87i
iPSC line. Each data-point or lane was derived by pooling five organoids from a different batch of organoids (batches defined as BOs generated

on different days from iPSCs of a different vial). A n.d.=not detected
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Fig. 3 In response to the 24 h AP treatments shown in Fig. 1, IBA1 levels increase in B BOs with co-culture microglia but not A BOs with innate
microglia. A, B Data from four independent experiments are presented as mean +SD. *p < 0.05, **p < 0.05 according to the Dunn'’s test
following the randomized block Kruskal-Wallis test (p and H values shown on the figures). A, B Representative images of membranes probed
for IBA1 and -actin are shown, and were used in densitometric analyses to generate the graphs shown. Figures were generated using the 87i
iPSC line. Each data-point or lane was derived by pooling five organoids from a different batch of organoids (batches defined as BOs generated
on different days from iPSCs of a different vial)
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on a broad clinical diagnosis of AD and did not consider
individual patient demographics, such as AAO (defined
herein as the age at first clinical presentation of symp-
toms), AAD, symptom duration, the AB(1-42)/AB(1-40)
ratio, which is used as a putative diagnostic of disease
[46—-48], or sex, which has been implicated as a risk fac-
tor for certain types of AD [28, 49]. Therefore, we set out
to identify whether IBA1 immunodensity is altered in
cortical samples across a range of patient demographics,
which are summarized in Table 1 and detailed in Supple-
mentary Table 1.

Cortical IBA1 levels do not increase in either EOAD
(<65 years of AAO) or LOAD (> 65 years of AAO) sam-
ples (Fig. 5A), and no differences are detected when
stratifying by sex (Fig. 5B). Representative immunob-
lots demonstrating the diversity of IBA1 band patterns
between patients are shown (Fig. 5C). Normalizing IBA1
levels to the housekeeping protein GAPDH does not
reveal any significant differences in cortical IBA1 levels
between EOAD and LOAD patients and neurocognitively
normal donors (Supplementary Fig. 1). To appreciate the
heterogeneity of IBA1 levels, GAPDH and IBA1 immu-
noblots for all human samples are shown in Supplemen-
tary Figs. 2, 3.

Next, we conducted linear regression analysis to iden-
tify any relationships between IBA1 immunodensity and

demographic characteristics of human brain donors. Lev-
els of IBA1 show a strong positive correlation with AAO
and AAD in females with EOAD, but not males (Fig. 6A,
C, Supplementary Table 2). IBA1 levels do not correlate
with duration of symptoms, nor with AAO in individu-
als with LOAD regardless of sex (Fig. 6B, Supplementary
Table 2). While the males and females with EOAD exhibit
similar duration of disease (Fig. 6B), females are younger
at first clinical presentation, i.e., AAO (Fig. 6D).

Given IBA1 levels are implicated in microglial phago-
cytosis, which plays a central role for removing ABs from
the brain [12-14, 50], we examined whether IBA1 immu-
nodensity correlated with levels of the insoluble (plaque-
associate) and soluble forms of APs in our AD brain
samples. For these analyses, we used the levels of APs in
these same donors that were measured in our recent pub-
lications [21, 28], and representative blots of these den-
sitometric analyses are shown in Supplementary Fig. 4.
IBA1 immunodensity showed a moderate positive corre-
lation with insoluble AB(1-42)/AB(1-40) ratio in patients
with EOAD (Fig. 7A), and this correlation was stronger in
male samples than female samples (Fig. 7B). IBA1 immu-
nodensity also had a moderate positive correlation with
the soluble AB(1-42)/AB(1-40) ratio in patients with
LOAD (Fig. 7C), and stratifying by sex reveals this cor-
relation was strongly associated with female patients,
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from 56 donors are presented as mean +SD. No significance (p > 0.05) A according to the Dunn'’s test following the randomized block Kruskal—
Wallis test (Krusak-Wallis: p=0.49, H=1.4) and B according to a Sidak's post-hoc test following a randomized block two-way ANOVA (Two-way
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and GAPDH are shown, and were used in densitometric analyses to generate the graphs shown in A, B. Proteins of interest are demarcated
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1. Data normalized

to GAPDH are shown in Supplementary Fig. 1, and all immunoblots used to generate these graphs are presented in Supplementary Figs. 2, 3

but not male patients (Fig. 7D). Supplementary Table 3
shows the insoluble AB(1-42)/AB(1-40) ratio had no
correlation with IBA1 immunodensity in samples from
LOAD patients, and Supplementary Table 4 reveals the
soluble APB(1-42)/AB(1-40) ratio had no correlation in
samples from EOAD patients. Supplementary Tables 3,
4 also show the relationship between IBA1 immunoden-
sity and individual AP species. A preliminary investiga-
tion of phosphoTau(Ser396) levels in these samples did
not reveal any association with levels of IBA1 (data not
shown).

Discussion

BOs have been used to study a range of different diseases,
from pediatric white matter diseases such as leukodys-
trophies to adult neurodegenerative diseases such as AD
[6, 51-53]. However, BOs are commonly devoid of the
microglia which exhibit key functions that can mitigate
or drive disease and associated symptoms [6, 50, 54—57].
Therefore, the lack of microglia in BO models may unin-
tentionally enhance pathology and bias any conclusions

drawn from the resulting data. This could ultimately
interfere with the translation of any data derived from
these microglia-null BOs to the human disease context
[6, 54]. In fact, it has been demonstrated that incorporat-
ing microglia in BOs dramatically changes their neural
network activity and their secretory profile [58, 59]. There
are currently two commonly used methods for generating
BOs with microglia-like cells: BO innate cultures and BO
co-cultures [5, 8, 25], and we have previously shown that
BO innate cultures express proteins at levels and molecu-
lar weights similar to the human brain parenchyma [25].
It is important to note that there exist studies claiming
to use microglia-containing BOs, but in several of these
reports the cultures are spheroids and not BOs as defined
by the recent nomenclature consensus; these misnomers
may complicate any interpretation of the literature that
refers to any number of different culture platforms as
‘BOs’ [1, 60]. To the best of our knowledge, despite there
existing a hypothesis that BO co-cultures have dysfunc-
tional microglia [2, 11], there have not been any studies
that have: (1) investigated whether the microglia-like
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cells in these BOs are dysfunctional and exhibit differ-
ent responses to immunostimulants, such as Af; (2) vali-
dated which types of microglia-containing BOs display
a more pathophysiologically relevant response; nor (3)
demonstrated which type of BOs are more representative
of a brain in a healthy or disease state.

Our data demonstrate differential responses of BO
innate cultures and BO co-cultures to exogenous Apfs,
indicating that the method of integrating microglia into
BOs could impact microglia-dependent phenotypes.
Interestingly, unlike Fagerlund et al. [61], who reported
no detectable change in IBA1 levels in response to immu-
nostimulants, we detected IBA1 changes in BO co-cul-
tures treated with AB. However, we note that Fagerlund
et al. [61] incorporate iPSC-derived microglia precur-
sor cells and let them differentiate in the BOs in a self-
directed manner, whereas we incorporate terminally
differentiated iPSC-derived microglia. Furthermore,
as previously suggested, any future studies would need
to test multiple timepoints of introducing microglia-
like cells, as this could influence cell maturation and

functionality and affect experimental parameters [2, 59].
Regardless, we highlight the protocol used to incorpo-
rate microglia into BOs has overt effects on the immune
phenotype of these cultures. It is clear from our data that
these models are different, and future studies need to
take this critical difference into consideration.

There are many BO models that incorporate microglia-
like cells, but our study is the only one that has directly
compared cellular responses of the two most used meth-
odologies to generate BOs with microglia. We examined
changes in the IBA1 levels of BO innate cultures and BO
co-cultures in response to exogenously administered Aps,
and compared these results to IBA1 levels in autopsy
human brain tissue. We demonstrate for the first time
that these models exhibit strikingly different responses to
ApPs. For example, BO co-cultures facilitate the oligomer-
ization of APs and, as mentioned above, exhibit a rapid
(within 24 h) and substantial increase in IBA1 levels in
response to these disease-associated peptides, unlike BO
innate cultures which maintain APs in a monomeric form
and showed a milder and delayed IBA1 response that
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or C, D LOAD plotted against the ratio of soluble AB(1-42)/AB(1-40). IBA1 levels in autopsy tissue positively correlate with A the ratio of insoluble
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ratio in LOAD patients

emerges at 48 h. We hypothesize that the response of BO
co-cultures were not physiological because their creation
relies on a monoculture of microglia and it is known that
the transcriptome of cultured microglia are irreversibly
altered [7].

Our studies show that IBA1 levels are similar between
AD patients with EOAD and LOAD, which corroborate
previous studies [12]. However, we extend knowledge by
showing there is a strong correlation between IBA1 lev-
els and AAO or AAD, but only in females with EOAD.
Furthermore, the levels of IBA1 correlate strongly with
the AP(1-42)/Ap(1-40) ratio, which has been shown to
be representative of clinical AD progression [48] whether
measured as insoluble (plaque-associated) or soluble [21,
28]. Interestingly, the ratio of the plaque-associated Aps,
which are a strong trigger for inflammation [62], only
correlates with IBA1 levels in cases of EOAD, regard-
less of sex. In contrast, the soluble ABs, which trigger a
lesser inflammatory phenotype, but also exert synapto-
toxic events [63], correlate with IBA1, but only in cases

of LOAD; this correlation in LOAD cases is driven spe-
cifically by females. These observations suggest two
things: first, the roles of IBAl-elevated microglia dif-
fer in their influence on AP behaviour between cases of
EOAD (accelerated progression) and LOAD (protracted
progression); second, the role of IBA1-elevated microglia
may differ significantly between the male and female AD
brain. This may explain the conflicting reports between
IBA1 levels and a diagnosis of disease if cases of AD are
indiscriminately pooled, as is often the standard practice
[12]. Thus, the microglia in BO co-cultures are impaired
and may be a better model of EOAD, whereas our BO
innate cultures treated with APs may be a more repre-
sentative model of the more common later onset forms of
AD, when the brain may still have a proportionally larger
pool of functional microglia. Any models of AD in the
literature are, for the most part, representative of EOAD
and aggressive amyloidosis. Our BO innate culture model
provides a promising, translationally relevant human
model of the human late-onset AD brain. This could
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facilitate marker development and drug development for
this intractable disease.

Conclusions

Due to the heterogeneous nature of AD [43-45], there
is a growing call for developing personalized treatment
plans for patients, as it is clear one treatment may not
benefit all patients equally [64—67]. This, unfortunately,
may require re-analyzing past data, or repeating past
studies with more robust data collection. For example,
most studies we identified that investigated the rela-
tionship of IBA1 and AD had relied on pooling samples
into broad patient categories, such as those with a clini-
cal diagnosis of any type of AD and those that are neu-
rocognitively normal, and thus did not overtly consider
any subtypes of AD or patient demographics [14, 34—42].
Similarly, our recent report [10] summarizing articles
using AD BOs further highlights the lack of considera-
tion in disease heterogeneity or risk factors in many stud-
ies modelling AD. For example, out of the 18 AD BO
studies we discussed, none considered sex as a risk factor.
We also noted many of these studies used enzyme-linked
immunosorbent assays (ELISAs) for AP quantification
which are not equally sensitive in differentiating A spe-
cies, nor in distinguishing mono- and oligomeric states
of the peptides. Our data herein underscore the impor-
tance of robust data collection, as there would have been
no correlation in our study between IBA1 levels and AD
donors if samples from LOAD and EOAD patients had
been pooled, nor would there have been correlations if
our study was not relatively sex balanced. The same lack
of significant result may be extrapolated to drug develop-
ment as, for example, patients with certain demographic
characteristics may benefit more from a particular treat-
ment. To create effective therapies for AD, it is likely
that models that better represent the human disease are
needed, as well as improved diagnostic tools to identify
subtypes of AD. Our findings suggest that BO innate cul-
tures may be a model more representative of a healthy
brain’s response to AP insults, whereas the microglia in
BO co-cultures are impaired and may be a better model
of microglial dysfunction in neurodegenerative diseases.
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TBS TRIS-buffered saline

TBST TBS with 0.1% Tween®20

TGF-B1 Transforming growth factor-31

TUBB3 B3-Tubulin

VEGF Vascular endothelial growth factor

WB Western blotting

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/513287-024-03876-0.

[ Supplementary Material 1. }

Acknowledgements
Not applicable.

Author contributions

TJW: Conceptualization, Funding Acquisition, Methodology, Investigation,
Formal Analysis, Visualization, Writing—Original Draft, Writing—Review and
Editing. JDD: Investigation, Writing—Review and Editing. DDM: Funding
Acquisition, Formal Analysis, Writing—Review and Editing.

Funding

TJW is supported by the Natural Sciences and Engineering Research Council
of Canada, JDD by a Mitacs Indigenous Research Award, and DDM by the
Zigurds & Hildegard Lejins Fund. TJW and DDM are also supported by the Sas-
katchewan Health Research Foundation, the Alzheimer Society of Saskatch-
ewan, and the University of Saskatchewan.

Availability of data and materials

All data generated or analysed during this study are included in this pub-
lished article its supplementary information files, with the exception of the
-amyloid peptide and phosphorylated Tau data from the donor brains used
in this study. These data were published in another article and are available
from DDM on reasonable request.

Declarations

Ethics approval and consent to participate

Human brain samples were obtained from the Douglas-Bell Canada Brain
Bank (McGill University, Canada) and their ethical use was obtained from the
University of Saskatchewan’s Biomedical Research Ethics Board (Project title:
Examination of monoamine oxidase (MAQ) sensitivity to Ca** in selected


https://doi.org/10.1186/s13287-024-03876-0
https://doi.org/10.1186/s13287-024-03876-0

Wenzel et al. Stem Cell Research & Therapy (2024) 15:258

Alzheimer disease brain regions; Approval No. 06-124; Date of Approval:
2023-11-21).

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

!Cell Signalling Laboratory, Department of Psychiatry, College of Medicine,
University of Saskatchewan, 107 Wiggins Road, Saskatoon, SK S7N 5E5,
Canada.

Received: 1 April 2024 Accepted: 1 August 2024
Published online: 13 August 2024

References

1. Pasca SP, Arlotta P, Bateup HS, Camp JG, Cappello S, Gage FH, et al. A
nomenclature consensus for nervous system organoids and assem-
bloids. Nature. 2022,609(7929):907-10. https://doi.org/10.1038/
$41586-022-05219-6.

2. Del Dosso A, Urenda JP, Nguyen T, Quadrato G. Upgrading the physiologi-

cal relevance of human brain organoids. Neuron. 2020;107(6):1014-28.
https://doi.org/10.1016/j.neuron.2020.08.029.
3. Samuels JD, Lukens JR, Price RJ. Emerging roles for ITAM and ITIM

receptor signaling in microglial biology and Alzheimer's disease-related

amyloidosis. J Neurochem. 2023. https://doi.org/10.1111/jnc.15981.

4. Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, Feinstein
DL, et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol.
2015;14(4):388-405.

5. Abud EM, Ramirez RN, Martinez ES, Healy LM, Nguyen CHH, Newman
SA, et al. iPSC-derived human microglia-like cells to study neurological
diseases. Neuron. 2017;94(2):278-93.

6. LinYT, Seo J, Gao F, Feldman HM, Wen HL, Penney J, et al. APOE4
causes widespread molecular and cellular alterations associated with

Alzheimer’s disease phenotypes in human iPSC-derived brain cell types.

Neuron. 2018,98(6):1141-1154.e7.

7. Gosselin D, Skola D, Coufal NG, Holtman IR, Schlachetzki JCM, Sajti E, et al.

An environment-dependent transcriptional network specifies human
microglia identity. Science. 2017;356(6344):1248-59.

8. Ormel PR, de Vieira SR, van Bodegraven EJ, Karst H, Harschnitz O,
Sneeboer MAM, et al. Microglia innately develop within cerebral
organoids. Nat Commun. 2018;9(1):4167. https://doi.org/10.1038/
541467-018-06684-2.

9. Bodnar B, ZhangV, Liu J, LinY, Wang P, Wei Z, et al. Novel scalable and sim-
plified system to generate microglia-containing cerebral organoids from

human induced pluripotent stem cells. Front Cell Neurosci. 2021;3:32.
https://doi.org/10.3389/fncel.2021.682272.

10. Wenzel TJ, Mousseau DD. Maximizing the utility of brain organoid models

and overcoming their perceived limitations. In: Willerth S, editor. Hand-
book of neural engineering: a modern approach. 1st ed. Amsterdam:
Elsevier; 2023.

11. Xu R, Boreland AJ, Li X, Erickson C, Jin M, Atkins C, et al. Developing

human pluripotent stem cell-based cerebral organoids with a controlla-
ble microglia ratio for modeling brain development and pathology. Stem

Cell Rep. 2021;16(8):1923-37.

12. Hopperton KE, Mohammad D, Trépanier MO, Giuliano V, Bazinet RP. Mark-

ers of microglia in post-mortem brain samples from patients with Alz-

heimer’s disease: a systematic review. Mol Psychiatry. 2018;23(2):177-98.

https://doi.org/10.1038/mp.2017.246.
13. Hendrickx DAE, van Eden CG, Schuurman KG, Hamann J, Huitinga I.

Staining of HLA-DR, Iba1 and CD68 in human microglia reveals partially
overlapping expression depending on cellular morphology and pathol-

ogy. J Neuroimmunol. 2017;309:12-22.
14. MinettT, Classey J, Matthews FE, Fahrenhold M, Taga M, Brayne C,
et al. Microglial immunophenotype in dementia with Alzheimer’s

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

Page 14 of 15

pathology. J Neuroinflammation. 2016;13(1):135. https://doi.org/10.1186/
$12974-016-0601-z.

Lam D, Lively S, Schlichter LC. Responses of rat and mouse primary
microglia to pro- and anti-inflammatory stimuli: molecular profiles, K+
channels and migration. J Neuroinflammation. 2017;14(1):166. https://doi.
0rg/10.1186/512974-017-0941-3.

De Luca C, Savarese L, Colangelo AM, Bianco MR, Cirillo G, Alberghina L,
et al. Astrocytes and microglia-mediated immune response in maladap-
tive plasticity is differently modulated by NGF in the ventral horn of

the spinal cord following peripheral nerve injury. Cell Mol Neurobiol.
2016;36(1):37-46. https://doi.org/10.1007/510571-015-0218-2.

Kondo S, Kohsaka S, Okabe S. Long-term changes of spine dynamics and
microglia after transient peripheral immune response triggered by LPS

in vivo. Mol Brain. 2011;4(1):27. https://doi.org/10.1186/1756-6606-4-27.
Sondag CM, Dhawan G, Combs CK. Beta amyloid oligomers and fibrils
stimulate differential activation of primary microglia. J Neuroinflamma-
tion. 2009;6(1):1. https://doi.org/10.1186/1742-2094-6-1.

Jung CKE, Keppler K, Steinbach S, Blazquez-Llorca L, Herms J. Fibrillar
amyloid plaque formation precedes microglial activation. PLoS ONE.
2015;10(3):e0119768. https://doi.org/10.1371/journal.pone.0119768.
Franco-Bocanegra DK, George B, Lau LC, Holmes C, Nicoll JAR, Boche D.
Microglial motility in Alzheimer's disease and after AR42 immunotherapy:
a human post-mortem study. Acta Neuropathol Commun. 2019;7(1):174.
https://doi.org/10.1186/540478-019-0828-x.

Quartey MO, Nyarko JNK, Maley JM, Barnes JR, Bolanos MAC, Heistad RM,
et al. The AR(1-38) peptide is a negative regulator of the AB(1-42) pep-
tide implicated in Alzheimer disease progression. Sci Rep. 2021;11(1):431.
Jobson DD, Hase Y, Clarkson AN, Kalaria RN. The role of the medial
prefrontal cortex in cognition, ageing and dementia. Brain Commun.
2021;3(3):fcab125.

Haroutunian V, Katsel P, Schmeidler J. Transcriptional vulnerability of
brain regions in Alzheimer’s disease and dementia. Neurobiol Aging.
2009;30(4):561-73.

Wenzel TJ, Murray TE, Noyovitz B, Narayana K, Gray TE, Le J, et al. Cardi-
olipin released by microglia can act on neighboring glial cells to facilitate
the uptake of amyloid-{ (1-42). Mol Cell Neurosci. 2023;124:103804.
Wenzel TJ, Mousseau DD. Brain organoids engineered to give rise to glia
and neural networks after 90 days in culture exhibit human-specific pro-
teoforms. Front Cell Neurosci. 2024;18:1383688. https://doi.org/10.3389/
fncel.2024.1383688.

Konttinen H, Cabral-da-Silva MEC, Ohtonen S, Wojciechowski S, Sha-
kirzyanova A, Caligola S, et al. PSENTAE9, APPswe, and APOE4 confer
disparate phenotypes in human iPSC-derived microglia. Stem Cell Rep.
2019;13(4):669-83.

Zhang-Haagen B, Biehl R, Nagel-Steger L, Radulescu A, Richter D, Willbold
D. Monomeric amyloid beta peptide in hexafluoroisopropanol detected
by small angle neutron scattering. PLoS ONE. 2016;11(2):e0150267.
https://doi.org/10.1371/journal.pone.0150267.

Nyarko JNK, Quartey MO, Pennington PR, Heistad RM, Dea D, Poirier J,

et al. Profiles of B-amyloid peptides and key secretases in brain autopsy
samples differ with sex and APOE €4 status: impact for risk and progres-
sion of Alzheimer disease. Neuroscience. 2018;373:20-36.

Wenzel TJ, Le J, He J, Alcorn J, Mousseau DD. Incorporating a greater
diversity of cell types, including microglia, in brain organoid cultures
improves clinical translation. J Neurochem. 2023;164(5):560-82. https://
doi.org/10.1111/jnc.15741.

Gonzélez Ibanez F, Picard K, Bordeleau M, Sharma K, Bisht K, Tremblay ME.
Immunofluorescence staining Using IBAT and TMEM119 for microglial
density, morphology and peripheral myeloid cell infiltration analysis in
mouse brain. J Vis Exp. 2019. https://doi.org/10.3791/60510.

Condello C, Yuan P, Schain A, Grutzendler J. Microglia constitute a barrier
that prevents neurotoxic protofibrillar AR42 hotspots around plaques.
Nat Commun. 2015;6(1):6176. https://doi.org/10.1038/ncomms7176.

Qin L, Liu'Y, Cooper C, Liu B, Wilson B, Hong JS. Microglia enhance beta-
amyloid peptide-induced toxicity in cortical and mesencephalic neurons
by producing reactive oxygen species. J Neurochem. 2002;83(4):973-83.
Garwood CJ, Pooler AM, Atherton J, Hanger DP, Noble W. Astrocytes are
important mediators of AB-induced neurotoxicity and tau phosphoryla-
tion in primary culture. Cell Death Dis. 2011;2(6): e167.


https://doi.org/10.1038/s41586-022-05219-6
https://doi.org/10.1038/s41586-022-05219-6
https://doi.org/10.1016/j.neuron.2020.08.029
https://doi.org/10.1111/jnc.15981
https://doi.org/10.1038/s41467-018-06684-2
https://doi.org/10.1038/s41467-018-06684-2
https://doi.org/10.3389/fncel.2021.682272
https://doi.org/10.1038/mp.2017.246
https://doi.org/10.1186/s12974-016-0601-z
https://doi.org/10.1186/s12974-016-0601-z
https://doi.org/10.1186/s12974-017-0941-3
https://doi.org/10.1186/s12974-017-0941-3
https://doi.org/10.1007/s10571-015-0218-2
https://doi.org/10.1186/1756-6606-4-27
https://doi.org/10.1186/1742-2094-6-1
https://doi.org/10.1371/journal.pone.0119768
https://doi.org/10.1186/s40478-019-0828-x
https://doi.org/10.3389/fncel.2024.1383688
https://doi.org/10.3389/fncel.2024.1383688
https://doi.org/10.1371/journal.pone.0150267
https://doi.org/10.1111/jnc.15741
https://doi.org/10.1111/jnc.15741
https://doi.org/10.3791/60510
https://doi.org/10.1038/ncomms7176

Wenzel et al. Stem Cell Research & Therapy (2024) 15:258

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

Rangaraju S, Gearing M, Jin LW, Levey A. Potassium channel Kv1.3 is
highly expressed by microglia in human Alzheimer’s disease. J Alzheimers
Dis. 2015;44(3):797-808.

Rivera EJ, Goldin A, Fulmer N, Tavares R, Wands JR, De La Monte SM.
Insulin and insulin-like growth factor expression and function deteriorate
with progression of Alzheimer's disease: link to brain reductions in acetyl-
choline. J Alzheimers Dis. 2005;8(3):247-68.

Sanchez-Mejias E, Navarro V, Jimenez S, Sanchez-Mico M, Sanchez-Varo
R, Nufiez-Diaz C, et al. Soluble phospho-tau from Alzheimer’s disease
hippocampus drives microglial degeneration. Acta Neuropathol.
2016;132(6):897-916.

Korvatska O, Leverenz JB, Jayadev S, McMillan P, Kurtz I, Guo X, et al. R47H
variant of TREM2 associated with Alzheimer disease in a large late-onset
family clinical, genetic, and neuropathological study. JAMA Neurol.
2015;72(8):920-7.

Lue LF, Schmitz CT, Serrano G, Sue LI, Beach TG, Walker DG. TREM2 protein
expression changes correlate with Alzheimer’s disease neurodegen-
erative pathologies in post-mortem temporal cortices. Brain Pathol.
2015;25(4):469-80.

Davies DS, Ma J, Jegathees T, Goldsbury C. Microglia show altered
morphology and reduced arborization in human brain during aging and
Alzheimer's disease. Brain Pathol. 2016;27(6):795-808.

Serrano-Pozo A, Gémez-Isla T, Growdon JH, Frosch MP, Hyman BT. A
phenotypic change but not proliferation underlies glial responses in
Alzheimer disease. Am J Pathol. 2013;182(6):2332-44. https://doi.org/10.
1016/jajpath.2013.02.031.

Ekonomou A, Savva GM, Brayne C, Forster G, Francis PT, Johnson M, et al.
Stage-specific changes in neurogenic and glial markers in Alzheimer’s
disease. Biol Psychiatry. 2015;77(8):711-9. https://doi.org/10.1016/j.biops
ych.2014.05.021.

Marlatt MW, Bauer J, Aronica E, Van Haastert ES, Hoozemans JJM, Joels

M, et al. Proliferation in the Alzheimer hippocampus is due to microglia,
not astroglia, and occurs at sites of amyloid deposition. Neural Plast.
2014;2014: 693851.

Neff RA, Wang M, Vatansever S, Guo L, Ming C, Wang Q, et al. Molecular
subtyping of Alzheimer’s disease using RNA sequencing data reveals
novel mechanisms and targets. Sci Adv. 2023;7(2):eabb5398. https://doi.
0rg/10.1126/sciadv.abb5398.

Ferreira D, Verhagen C, Herndndez-Cabrera JA, Cavallin L, Guo CJ, Ekman
U, et al. Distinct subtypes of Alzheimer’s disease based on patterns of
brain atrophy: longitudinal trajectories and clinical applications. Sci Rep.
2017,7(1):46263. https://doi.org/10.1038/srep46263.

Tijms BM, Visser PJ. Pathophysiological subtypes of Alzheimer’s dis-

ease based on cerebrospinal fluid proteomics. Alzheimers Dement.
2020;16(54):e037184. https://doi.org/10.1002/alz.037184.

Tang N, Kepp KP. AR42/AB40 ratios of presenilin 1 mutations cor-

relate with clinical onset of Alzheimer’s disease. J Alzheimers Dis.
2018;66(3):939-45.

Baldeiras |, Santana |, Leitdo MJ, Gens H, Pascoal R, Tdbuas-Pereira M, et al.
Addition of the AB42/40 ratio to the cerebrospinal fluid biomarker profile
increases the predictive value for underlying Alzheimer’s disease demen-
tia in mild cognitive impairment. Alzheimers Res Ther. 2018;10(1):33.
https://doi.org/10.1186/513195-018-0362-2.

Delaby C, Estellés T, Zhu N, Arranz J, Barroeta |, Carmona-lragui M, et al.
The AB1-42/AB1-40 ratio in CSF is more strongly associated to tau
markers and clinical progression than AB1-42 alone. Alzheimers Res Ther.
2022;14(1):20. https://doi.org/10.1186/513195-022-00967-z.

Moraros J, Nwankwo C, Patten SB, Mousseau DD. The association of
antidepressant drug usage with cognitive impairment or dementia,
including Alzheimer disease: A systematic review and meta-analysis.
Depress Anxiety. 2017;34(3):217-26. https://doi.org/10.1002/da.22584.

Ni J, Xie Z, Quan Z, Meng J, Qing H. How brain “cleaners”fail: mechanisms
and therapeutic value of microglial phagocytosis in Alzheimer's disease.
Glia. 2024;72(2):227-44.

Deng J, Zhang J, Gao K, Zhou L, Jiang Y, Wang J, et al. Human-induced
pluripotent stem cell-derived cerebral organoid of leukoencephalopathy
with vanishing white matter. CNS Neurosci Ther. 2023;29(4):1049-66.
https://doi.org/10.1111/cns.14079.

Zhao J, FuY,YamazakiY, RenY, Davis MD, Liu CC, et al. APOE4 exacerbates
synapse loss and neurodegeneration in Alzheimer’s disease patient

Page 15 of 15

iPSC-derived cerebral organoids. Nat Commun. 2020;11(1):5540. https://
doi.org/10.1038/541467-020-19264-0.

53. Raja WK, Mungenast AE, Lin YT, Ko T, Abdurrob F, Seo J, et al. Self-
organizing 3D human neural tissue derived from induced pluripotent
stem cells recapitulate Alzheimer’s disease phenotypes. PLoS ONE.
2016;11(9):e0161969. https://doi.org/10.1371/journal.pone.0161969.

54. Cadiz MP, Gibson KA, Todd KT, Nascari DG, Massa N, Lilley MT, et al. Adu-
canumab anti-amyloid immunotherapy induces sustained microglial and
immune alterations. J Exp Med. 2024,221(2):e20231363. https://doi.org/
10.1084/jem.20231363.

55. Way W. Macrophage transplantation rescues RNASET2-deficient leukod-
ystrophy by replacing deficient microglia in a zebrafish model. BioRXiv.
2023.

56. Nicaise A, Bongarzone E, Crocker S. A microglial hypothesis of globoid
cell leukodystrophy pathology. J Neurosci Res. 2016;94(11):1049-61.

57. Krivit W, Sung JH, Shapiro EG, Lockman LA. Microglia: the effector cell
for reconstitution of the central nervous system following bone marrow
transplantation for lysosomal and peroxisomal storage diseases. Cell
Transpl. 1995;4(4):385-92.

58. Sabate-Soler S, Nickels SL, Saraiva C, Berger E, Dubonyte U, Barmpa
K, et al. Microglia integration into human midbrain organoids
leads to increased neuronal maturation and functionality. Glia.
2022;70(7):1267-88.

59. Popova G, Soliman SS, Kim CN, Keefe MG, Hennick KM, Jain S, et al.
Human microglia states are conserved across experimental models and
regulate neural stem cell responses in chimeric organoids. Cell Stem Cell.
2021;28(12):2153-2166.€6. https://doi.org/10.1016/j.stem.2021.08.015.

60. HongY, Dong X, Chang L, Xie C, Chang M, Aguilar JS, et al. Microglia-
containing cerebral organoids derived from induced pluripotent stem
cells for the study of neurological diseases. iScience. 2023;26(3):106267.

61. Fagerlund |, Dougalis A, Sharkirzyanova A, Gémez-Budia M, Konttinen H,
Ohtonen S, et al. Microglia orchestrate neuronal activity in brain orga-
noids. BioRxiv. 2020. https://doi.org/10.1101/2020.12.08.416388.

62. Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, Cole GM, et al. Inflamma-
tion and Alzheimer's disease. Neurobiol Aging. 2000;21(3):383-421.

63. Ferreira S, Lourenco M, Oliveira M, De Felice F. Soluble amyloid-{3 oligom-
ers as synaptotoxins leading to cognitive impairment in Alzheimer’s
disease. Front Cell Neurosci. 2015. https://doi.org/10.3389/fncel.2015.
00191.

64. Dodge HH, Arnold SE. One step forward to personalized medicine?
Alzheimers Dement Transl Res Clin Interv. 2023;9(4):e12435. https://doi.
0rg/10.1002/trc2.12435.

65. Reitz C. Toward precision medicine in Alzheimer’s disease. Ann Transl|
Med. 2016;4(6):107.

66. BehlT, Kaur |, Sehgal A, Singh S, Albarrati A, Albratty M, et al. The road to
precision medicine: eliminating the “one size fits all"approach in Alzhei-
mer’s disease. Biomed Pharmacother. 2022;153:113337.

67. Solopova E, Romero-Fernandez W, Harmsen H, Ventura-Antunes L, Wang
E, Shostak A, et al. Fatal iatrogenic cerebral -amyloid-related arteritis in
a woman treated with lecanemab for Alzheimer’s disease. Nat Commun.
2023;14(1):8220. https://doi.org/10.1038/s41467-023-43933-5.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1016/j.ajpath.2013.02.031
https://doi.org/10.1016/j.ajpath.2013.02.031
https://doi.org/10.1016/j.biopsych.2014.05.021
https://doi.org/10.1016/j.biopsych.2014.05.021
https://doi.org/10.1126/sciadv.abb5398
https://doi.org/10.1126/sciadv.abb5398
https://doi.org/10.1038/srep46263
https://doi.org/10.1002/alz.037184
https://doi.org/10.1186/s13195-018-0362-2
https://doi.org/10.1186/s13195-022-00967-z
https://doi.org/10.1002/da.22584
https://doi.org/10.1111/cns.14079
https://doi.org/10.1038/s41467-020-19264-0
https://doi.org/10.1038/s41467-020-19264-0
https://doi.org/10.1371/journal.pone.0161969
https://doi.org/10.1084/jem.20231363
https://doi.org/10.1084/jem.20231363
https://doi.org/10.1016/j.stem.2021.08.015
https://doi.org/10.1101/2020.12.08.416388
https://doi.org/10.3389/fncel.2015.00191
https://doi.org/10.3389/fncel.2015.00191
https://doi.org/10.1002/trc2.12435
https://doi.org/10.1002/trc2.12435
https://doi.org/10.1038/s41467-023-43933-5

	Human brain organoids containing microglia that have arisen innately adapt to a β-amyloid challenge better than those in which microglia are integrated by co-culture
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Human tissues, antibodies, and reagents
	Inducible pluripotent stem cell (iPSC) maintenance
	Generation of unguided brain organoids (BOs) and iPSC-derived microglia
	Treatment of BOs with β-amyloid peptides (Aβ)
	Immunoblotting
	Immunohistochemistry
	Statistical analysis

	Results
	Microglia are integrated into BOs using a co-culture or innate generation protocol
	Exogenous Aβs accumulate and oligomerize in BO co-cultures, but not in BO innate cultures
	IBA1 expression differs between BO co-cultures and BO innate cultures in response to exogenous Aβs
	Autopsy brain tissue reveals a correlation between IBA1 expression in the female Alzheimer disease (AD) brain and age at onset (AAO), but not duration of the disease itself

	Discussion
	Conclusions
	Acknowledgements
	References


