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Abstract

Background Alzheimer’s disease (AD) is an incurable neurodegenerative disorder with a rapidly increasing preva-
lence worldwide. Current approaches targeting hallmark pathological features of AD have had no consistent clinical
benefit. Neuroinflammation is a major contributor to neurodegeneration and hence, microglia, the brain’s resident
immune cells, are an attractive target for potentially more effective therapeutic strategies. However, there is no cur-
rent in vitro model system that captures AD patient-specific microglial characteristics using physiologically relevant
and experimentally flexible culture conditions.

Methods To address this shortcoming, we developed novel 3D Matrigel-based monocyte-derived microglia-like cell
(MDMi) mono-cultures and co-cultures with neuro-glial cells (ReNcell VM). We used single-cell RNA sequencing (scR-
NAseq) analysis to compare the transcriptomic signatures of MDMi between model systems (2D, 3D and 3D co-cul-
ture) and against published human microglia datasets. To demonstrate the potential of MDMi for use in personalized
pre-clinical strategies, we generated and characterized MDMi models from sixteen AD patients and matched healthy
controls, and profiled cytokine responses upon treatment with anti-inflammatory drugs (dasatinib and spiperone).

Results MDMi in 3D exhibited a more branched morphology and longer survival in culture compared to 2D. scR-
NAseq uncovered distinct MDMi subpopulations that exhibit higher functional heterogeneity and best resemble
human microglia in 3D co-culture. AD MDMi in 3D co-culture showed altered cell-to-cell interactions, growth factor
and cytokine secretion profiles and responses to amyloid-f3. Drug testing assays revealed patient- and model-specific
cytokine responses.

Conclusion Our study presents a novel, physiologically relevant and AD patient-specific 3D microglia cell model
that opens avenues towards improving personalized drug development strategies in AD.
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Background

Alzheimer’s disease (AD) is an age-related neurodegen-
erative disorder involving progressive impairment of
cognitive functions. Although AD—together with other
neurodegenerative diseases—is predicted to become the
second leading cause of death in the next 20 years, no
prevention strategies or cure exist [1]. The most char-
acteristic neuropathological hallmarks of AD brains
include extracellular deposits of misfolded amyloid-
(AP) protein and intracellular neurofibrillary tangles of
hyperphosphorylated tau protein. For decades, reduc-
ing protein aggregation has been the main therapeutic
goal in AD, but this strategy has yielded poor clinical
outcomes with questioned efficacy. For example, adu-
canumab and lecanemab have been the first approved
amyloid-targeting treatments in nearly 20 years, but their
safety and cognitive benefits are debated [2, 3].

Chronic neuroinflammation is a critical component
in the progression of many neurodegenerative diseases,
including AD [4]. Key neuroinflammatory effectors are
microglia, the resident immune modulators of the brain.
Microglial function is controlled by variants in AD risk
genes (e.g, TREM2, APOE, CLU, CD33, PILRB and
PLCG2) [5]. Such variants modulate microglial responses
to AD pathological events [6-8], thus underlying the
diversity of clinical phenotypes observed among patients.
Hence, microglia represent a promising candidate for
personalized, targeted therapeutics for AD.

Current AD microglia in vitro model systems (reviewed
in [9, 10]) lack either clinical relevance or physiological
complexity, thereby affecting translatability of drug out-
comes into the clinic. For example, murine microglia lack
the ability to fully recapitulate disease phenotype due
to limited resemblance of immune functions and aging
processes between mice and humans [11-14]. Human
immortalized microglia cell lines are genetically and
functionally very different from in vivo microglia [15—
17]. Post-mortem primary microglia isolated from AD
patients rapidly lose microglial signatures upon removal
from the brain environment [15]. Conversely, human
induced pluripotent stem cell (hiPSC)-derived microglia
allow for the generation of a clinically relevant, patient-
specific microglia platform. However, establishing
hiPSC-derived microglia requires costly, long and tech-
nically challenging protocols that result in variable dif-
ferentiation efficiencies [18] and loss of patient-specific
traits upon reprogramming [19].

The monocyte-derived microglia-like cell (MDMi)
model system addresses the shortcomings of the above
models and provides a cost-effective approach for the
rapid generation of personalized microglia-like cell
cultures from living patients. This method has been
previously applied by us and others using ex vivo
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blood-derived monocytes from schizophrenia [20, 21],
Nasu—Hakola disease [22] and amyotrophic lateral scle-
rosis (ALS) [23] patients, demonstrating disease-associ-
ated states in patient-derived MDM.i. In addition to their
controlled genetic background, MDMi are readily avail-
able and yield mature microglia-like cells in a short time
frame, thus allowing for the study of microglia from large
patient cohorts [24, 25].

Microglial identity is driven by the multicellular milieu
and three-dimensional (3D) network of macromolecules
present in the brain. The lack of such structures in tra-
ditional two dimensional (2D) culture conditions greatly
abrogate the ability of 2D in vitro models to replicate
mature microglial characteristics, which include a rami-
fied morphology and the ability to efficiently survey the
brain parenchyma through the upregulation of key mark-
ers (e.g, TMEM119, P2RY12 and TREM2) [26, 27]. The
use of 3D in vitro culture techniques and co-cultures
with neuro-glial cells, which mimic the cues support-
ing microglial development in vivo, can increase the
physiological relevance of the MDMi model. Indeed, an
improved in vitro disease modeling capacity of 3D cul-
ture systems was demonstrated by the development of a
complete AD pathological cascade in 3D but not in 2D
[28, 29]. However, no 3D in vitro model of AD has yet
incorporated patient-derived microglial cells in a highly
reproducible and experimentally flexible 3D cell culture
system [30].

In this study, we generated for the first time 3D patient-
specific MDMi models from living AD patients. These 3D
hydrogel-based MDMi models are consistent and easy to
generate and allow for the establishment of 3D MDMi
co-cultures with human neuro-glial cells. We identified
that 3D MDMi exhibit enhanced microglia-like features
and AD-specific changes in the patient-derived models.
To test the potential applicability of 3D MDMi platforms
in a drug screening setting, we compared drug responses
in MDMi between the 2D, 3D and 3D co-culture models.
Together, the utility of the patient 3D MDMIi models pre-
sented here opens new avenues for more predictable and
personalized patient in vitro microglia-like cell models to
test candidate therapeutics.

Materials and methods

Study cohorts

Young healthy control participants were recruited at
QIMR Berghofer Medical Research Institute (QIMRB-
MRI), Queensland, Australia. Alzheimer’s disease (AD)
and Healthy control (HC) participants were recruited
through the Prospective Imaging Studying of Aging:
Genes, Brain and Behaviour study (PISA) at QIMRB-MRI
[31]. The AD cohort included patients with different lev-
els of brain AP deposition and disease severity (Table 1).
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Table 1 Summary of donor information
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Study cohorts

N° of participants

Sex of participants Females (%)

Males (%)
Age of participants (mean +SD)
APOE genotype E3/E3 (%)
E3/E4 (%)
E4/E4 (%)
Brain AB burden Low (%)
High (%)
Very high (%)
Clinical consensus AD (%)

Mild cognitive impairment (MCI) (%)
MCI with AD pathology (%)

Young healthy Healthy control (HC) Alzheimer’s disease (AD)
control

n=>5 n=16 n=16

40% (2/5) 50% (8/16) 43.8% (7/16)

60% (3/5) 50% (8/16) 56.3% (9/16)
342+96 67.7+2.8 67.8+66
N/A 31.3% (5/16) 18.8% (3/16)
56.3% (9/16) 62.5% (10/16)
12.5% (2/16) 18.8% (3/16)
N/A N/A 6.3 (1/16)
37.5(6/16)
56.25 (9/16)
N/A N/A 68.8 (11/16)
6.3 (1/16)
25(4/16)

SD standard deviation, APOE apolipoprotein E

Samples from young donors (Table 1) were used for the
initial optimization and characterization of MDMi in 2D,
3D and 3D co-cultures (Figs. 1, 2; Additional file 1: Fig.
S1, S2). Samples from HC and AD donors were used to
study disease-associated features in MDMi models and
drug testing. These samples were randomly selected,
with matching sex, age, and apolipoprotein E (APOE)
status for each assay (Tables 1, 2). APOE genotyp-
ing was performed in the Sample Processing Facility at
QIMRB-MRY], as previously described [31]. The number
of biological replicates (i.e., donors), as indicated in figure
legends, varied in each assay due to the limited prolifera-
tive capacity of MDMj, and the quantity of blood samples

(See figure on next page.)

available from each donor. Further, repeated longitudi-
nal sampling of peripheral blood from patients was not
within the scope of this study.

Isolation of peripheral blood mononuclear cells (PBMCs)

Peripheral venous blood samples were collected in eth-
ylenediaminetetraacetic acid (EDTA) tubes (Becton-
Dickson, NJ, USA). PBMC separation was performed
within 2 h of blood withdrawal using SepMate™ tubes
(StemCell Technologies, BC, Canada) as per manufac-
turer’s instructions. PBMCs were washed twice with
PBS containing 1 mM EDTA and subsequently frozen in
medium containing 10% dimethyl sulphoxide (DMSO)

Fig. 1 Single cell RNAseq reveals model-specific transcriptomic signatures in MDMi and resemblance to post-mortem and hiPSC-derived microglia.
A Schematic illustrations of the differentiation of monocytes into MDMi as mono-cultures in 2D and 3D, and as 3D co-cultures with ReNcell
VM. Immunofluorescence of MDMi in the different culture models with immunostaining against Tmem119 and P2ry12 in 2D; Trem2 and P2ry12
in 3D; and Ibal (arrows) in 3D co-culture. ReNcell VM were stained for the neuron marker 33-tubulin (Tubb3) and the astrocyte marker Gfap.
Scale bars, 100 um. B Schematic of the methodology employed for single cells transcriptome analysis in monocytes and MDMi (2D, 3D, and 3D
co-culture). Monocytes and MDMi from a single healthy donor were cultured, FACs-sorted for CD11b, fixed according to Chromium fixed RNA
kit (10X Genomics), sequenced using lllumina NextSeg-2000 and analyzed (detailed protocol can be found in Methods). C UMAP plot showing
the clustering of monocyte and MDMi (2D, 3D and 3D co-culture) single cell transcriptomic signatures. The total number of cells analyzed was:
9521 monocytes; 5608 MDMi in 2D; 5667 MDMi in 3D and 4543 MDMi in 3D co-culture. D Top 45 variable genes, with the most variable genes
listed at the bottom and the most constant genes at the top of the list. Each row represents the level of expression of a selected key gene. The
color of the dot represents the average expression z-score of the cells within the given cluster, while the size of the dot represents the % of cells

within that cluster. E-G Combined UMAP plots of monocytes and MDMi (2D, 3D and 3D co-culture) show the expression of selected key myeloid,
microglia and neurodegenerative disease-related genes. Each dot represents a cell and the normalized gene expression levels of the selected genes
for each cell. The color gradient bar represents log-transformed expression values, with red and blue indicating maximum and minimum expression,
respectively. H Distribution of clusters in monocytes and MDMi (2D, 3D and 3D co-culture) to find shared or unique pathways across the models.
Pathways of these 10 clusters and can be found in Additional file 1: Fig. S7. 1 Venn diagram illustrating shared and/or unique clusters among all
model systems. J, K Pseudo-bulk gene expression in monocytes and MDM (2D, 3D, 3D co-culture) compared to human microglia. Human
microglial genes were selected from post-mortem brain datasets (Olah et al.: Clusters 1-9) and Day 60 hiPSC-derived microglia (Svoboda et al.).
Correlation tests were based on the following number of genes 13,798 (monocytes); 14,480 (2D); 14,220 (3D); 14,216 (3D co-culture). Spearman
correlation coefficient (R) was used to examine the degree of correlation
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(Merck KGaA, Hesse, Germany) and 90% fetal bovine
serum (FBS) (ThermoFisher Scientific, CA, USA) (v/v).

Establishment of 2D and 3D MDM:i cultures

MDMi in 2D were generated as described previously [23,
32]. Briefly, PBMCs were seeded onto Matrigel-coated
plates (Corning, NY, USA). After 24 h incubation at
37 °C, 5% CO,, a cell population enriched in monocytes
remained adhered to the culture vessel. Monocytes were
then cultured in serum-free RPMI-1640 GlutaMAX
medium (Life Technologies, Grand Island, NY, USA) sup-
plemented with 0.1 pg/ml of interleukin (IL)-34 (IL-34)
(Lonza, Basel-Stadt, Switzerland), 0.01 pug/ml of granulo-
cyte—macrophage colony-stimulating factor (GM-CSF)
(Lonza) and 1% (v/v) penicillin/streptomycin (Life Tech-
nologies) for 14 days. To induce MDMi differentiation
in 3D, monocytes were resuspended in Matrigel diluted
with ice-cold culture medium at a 1:3 ratio. Matrigel-
cell mixtures were seeded in 96-well plates with medium
containing 0.1 pg/ml IL-34 and 0.01 ug/ml GM-CSE. 3D
MDMi were collected or used for downstream assays
after 35 days in culture.

Establishment of 2D and 3D human neural progenitor cell
(NPC) cultures

The human ReNcell VM immortalized neural progeni-
tor cell line (EMD Millipore, Billerica, MA, USA) was
cultured as per manufacturer’s instructions, with some
modifications. Briefly, cells were plated onto Matrigel-
coated plates for 2D cultures or mixed with a 1:3 Matrigel
dilution to initiate the 3D cultures. ReNcell VM cultures
were maintained in DMEM/F12 GlutaMAX medium
(Life Technologies, Grand Island, NY, USA) containing
2% (v/v) B27 supplement, 20 pg/ml epithelial growth fac-
tor (EGF) (Sigma-Aldrich, MO, USA), 20 pg/ml fibroblast
growth factor 2 (FGF-2) (Lonza, Basel-Stadt, Switzer-
land) and 1% (v/v) penicillin/streptomycin. Both 2D and
3D cultures were spontaneously differentiated by with-
drawing growth factors from the maintenance medium
(ReN base medium). All cells used were in passages 7—10

(See figure on next page.)
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to ensure consistent spontaneous neuro-glial differentia-
tion across independent experiments.

Establishment of 3D co-cultures (MDMi and ReNcell VM)
ReNcell VM were plated in 3D as described above and
cultured for 1 day in ReN base medium to induce spon-
taneous differentiation. Monocytes were embedded in
a 1:3 Matrigel dilution and seeded with 3D ReNcell VM
cultures at 1:2.5 to 1:5 monocyte to ReNcell VM ratios.
3D co-cultures were maintained in 50% (v/v) ReN base
medium and MDMi culture medium for 35 days.

Monocyte and MDMi isolation for single-cell RNA
sequencing (scRNAseq)
Monocyte isolation. PBMCs were thawed and plated in
RPMI-1640 GlutaMAX media supplemented with 10%
heat-inactivated FBS and 1% penicillin/streptomycin. The
next day, cell supernatant containing the leukocyte frac-
tion was discarded and the culture was rinsed thrice with
RPMI-1640 GlutaMAX containing1% penicillin/strepto-
mycin. The remaining adherent monocytes were flushed
several times using a 1 ml pipette. Monocyte fraction was
then transferred into a fresh collection tube and spun
at 300 g for 5 min. Cell supernatant was discarded and
cells resuspended with 10 ml of PBS and spun at 300 g for
5 min to remove residual FBS.

2D MDMi isolation. 14-day MDMi were cultured and
lifted using a non-enzymatic detachment method. Briefly,
media was discarded, rinsed thrice with ice-cold PBS and
replaced with ice-cold cell recovery solution (Corning,
#354253). Cultures were incubated at 4 °C for 30 min,
with frequent pipetting until all cells were detached.
After detachment, cells were washed thrice with PBS
supplemented with 5 mM EDTA and centrifuged at 400 g
for 5 min.

3D MDMi and 3D co-culture isolation. To isolate
30-day 3D mono-cultures and co-cultures, supernatant
was first removed and cells were rinsed thrice with ice-
cold PBS. Ice-cold cell recovery solution was added and
cultures were incubated at 4 °C for 45 min with frequent
pipetting until Matrigel was dissolved into solution. Cells

Fig. 2 MDMi organize in subpopulations that exhibit the highest pathway enrichment in 3D co-culture. A Volcano plot representation of the top
100 most differentially expressed genes in monocytes and MDMi (2D, 3D, and 3D co-culture). B Pathway enrichment analysis of monocytes

and MDMi (2D, 3D, and 3D co-culture) shows different biological processes across all models, with the greatest diversity in biological functions
observed in 3D co-culture. The statistical test used was the hypergeometric test, and the correction methods for multiple testing were
Benjamini-Hochberg and FDR. Significance level: P-value threshold of 0.05. (Detailed analysis pipeline can be found in Methods). C UMAP plots
of the monocyte and MDMi single-cell transcriptomes identified three clusters in monocytes, five clusters in 2D MDMi and 3D co-culture, and six
clusters in 3D MDM.i. Total number of cells analyzed were 9521 for monocytes; 5608 for 2D MDMi; 5667 for 3D MDMi and 4543 for 3D co-culture.
D Top 38 variable genes expressed in MDMi (2D, 3D, and 3D co-culture), with the most variable genes listed at the bottom and the most constant
genes at the top of the list. Each row represents the level of expression of a selected key gene. The color of the dot represents the average
expression z-score of the cells within the given cluster, while the size of the dot represents the % of cells within that cluster
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Table 2 Summary of donor information from cohorts used in drug studies
Study cohorts used in drug studies Healthy control (HC) Alzheimer’s
disease
(AD)
N° of participants n=>5 n=8
Sex of participants Females (%) 60% (3/5) 75% (6/8)
Males (%) 40% (2/5) 25% (2/8)
Age of participants (mean+SD) 694425 68.5+64
APOE genotype E3/E3 (%) 20% (1/5) 0% (0/8)
E3/E4 (%) 60% (3/5) 75% (6/8)
E4/E4 (%) 20% (1/5) 25% (2/8)

were rinsed thrice with PBS supplemented with 5 mM
EDTA and spun at 400 g for 5 min to remove residual
Matrigel.

Monocyte and MDMi sorting and fixation for scRNAseq
After harvesting, a cell count was performed and
adjusted accordingly (1-10x 10° cells per 100 uL of PBS
containing Zombie Aqua fixable (BioLegend, 423101)),
and incubated in the dark at RT for 15 min. After stain-
ing, cells were washed twice with PBS containing 0.05%
BSA (0.22 pm filtered) and the cell suspension was incu-
bated in cold PBS containing 0.05% BSA and anti-CD11b
fluorescein isothiocyanate (FITC) (BioLegend, 101206)
for 30 min. After incubation, the cell suspension was
washed twice in cold PBS containing 0.05% BSA, filtered
through a 40-pm filter and the cells were sorted on a BD
FACS Aria II. Cells were sorted into a FACs tube contain-
ing PBS and 0.05% BSA, spun down and fixed according
to the guide CG000478 for the fixation of cells for Chro-
mium fixed RNA profiling workflow. Briefly, sorted cells
were spun at 500 g for 5 min at 4 °C and 1 ml of fixation
buffer was added and incubated at 4 °C overnight.

The following day, fixed cells were spun at 850 g for
5 min at RT, supernatant was removed and replaced with
1 ml of cold quenching buffer. A cell count via trypan blue
exclusion was performed using a Countess II Automated
counter (Thermo Fisher Scientific). Fixed cells were then
prepared for long-term storage by supplementing with
enhancer and glycerol solution and kept at — 80 °C until
all samples were ready for library construction.

To minimize the background staining of cells, dyes and
antibodies were titrated for optimal performance. All
sorting was performed using 100 pm nozzle. This proto-
col yielded cells that are CD11b-positive (thereby exclud-
ing leukocytes and ReNcell VM) (Additional file 1: Fig.
S6). Longitudinal blood samples were collected from a
single healthy male control donor who was <40 years of
age, did not have dementia, and had no family history
of AD. The blood collections were performed twice per

month over a 4-month period, resulting in multiple time
points. Blood samples from each time point were used
for each culture model to serve as technical replicates, to
reduce potential biases and improve reliability. Between
230,000 and 400,000 live cells were collected after FACS.

10X Genomics Chromium Next GEM single cell fixed RNA
library construction and sequencing

Fixed samples for scRNAseq were then processed using
the Chromium Next GEM single cell fixed RNA kit (10X
Genomics, #PN-1000414 and #PN-1000474) following
the standard manufacturer’s instructions. Briefly, fixed
single cell suspensions were thawed at RT and processed
according to guide CGO000477. The cells were loaded
onto the Chromium Single Cell Chip Q (10X Genomics,
#PN-1000418) to target 10,000 cells. GEM generation
and barcoding, and library construction were performed
according to the 10X Genomics Chromium User Guide.

Libraries were quantified on the Agilent BioAnalyzer
2100 using the High Sensitivity DNA Kit (Agilent, #5067-
4626). Libraries were pooled in equimolar ratios, and the
pool was quantified by qPCR using the KAPA Library
Quantification Kit via the Illumina/Universal (KAPA Bio-
systems, KK4824) in combination with the Life Technol-
ogies Viia 7 Real-Time PCR instrument (Thermo Fisher
Scientific).

Denatured libraries were loaded onto an Illumina Next-
Seq-2000 and sequenced using a P2 100 cycle flow cell
as follows: 28bp (Readl), 8bp (i7 index), 111bp (Read2).
Readl supplies the cell barcode and UM]I, i7 the sam-
ple index, and Read2 the 3’ sequence of the transcript.
Sequencing was performed at the Institute for Molecu-
lar Bioscience Sequencing Facility (IMB, University of
Queensland). FASTQ files were generated using the Cell-
Ranger (7.1.0) pipeline.

scRNAseq analysis
scRNAseq data were analyzed using the Seurat package
(version 4.3.1) in R (version 4.2.3). Raw sequencing reads
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were processed and aligned to the reference genome
(GRCh38-2020-A) using CellRanger (version 7.1.0). The
resulting count matrix was imported into R using the
Seurat function Read10X().

Quality control was performed by removing cells with
low read depth or high mitochondrial gene content
using the Seurat function FilterCells(). Cells with more
than 2.5% mitochondrial genes were filtered out as well
as genes expressed in fewer than three cells or with low
expression levels were removed using the Seurat function
FilterGenes(). Data normalization was performed using
the Seurat function NormalizeData(), and data scaling
was performed using the Seurat function ScaleData().

Principal component analysis (PCA) was performed
using the Seurat function RunPCA() to identify the prin-
cipal components that captured the most variation in the
dataset. The top 15 principal components (PCs) were
used for dimensionality reduction using the Seurat func-
tion FindNeighbors() and visualization using the Seu-
rat function RunUMAP(). The top 15 PCs were selected
based on the elbow plot that revealed that this first 15
PCs explained more than 95% of the variation in the
dataset.

Clustering and pathway analysis

Cell clustering was performed using the Seurat function
FindClusters() with a resolution parameter of 0.5 to iden-
tify distinct cell populations. Differential gene expres-
sion analysis was performed using the Seurat function
FindMarkers() to identify genes that were differentially
expressed between cell populations.

To identify cell type and cluster specific markers, we
used the Seurat function FindAllMarkers() with the
parameters logfc.threshold=0.25 and min.pct=0.25.
Gene set enrichment analysis was performed using the
Seurat function FindMarkers() with the parameters test.
use="“wilcox” and logfc.threshold=0.25 to identify
enriched gene sets in each cell population.

The resulting lists of markers were used to perform
pathway analysis using the Panther pathway analysis
module of the WebGestalt platform. We selected the
Panther database as our pathway database and uploaded
the list of differentially expressed genes as the input gene
list. A pre-defined background gene list from the data-
base was selected as the comparison group. The statistical
test used was the hypergeometric test, and the correction
method for multiple testing was the Benjamini—Hoch-
berg and false discovery rate (FDR) methods. The sig-
nificance level was set at a P-value threshold of 0.05.
The enriched Panther pathways were identified based
on the analysis results. The biological significance of the
identified pathways was interpreted by examining the
gene content and biological functions of the pathways.
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Functional enrichment analysis was performed by using
the ‘clusterProfiler’ package in R to further investigate the
biological processes and molecular functions associated
with the identified pathways. Pathway visualization tools,
such as the ‘pathview’ package in R, were used to visual-
ize the differentially expressed genes within the enriched
pathways using the volcano plot showing the significantly
enriched pathways.

Comparison analysis with human microglia datasets

We conducted a Spearman correlation analysis of each of
our Monocytes and MDMi (2D, 3D and 3D co-culture)
with Olah et al.,, [33] and Svoboda et al, [34] datasets
based on their pseudo-bulk average expression. To this
end, we first filtered out low-quality cells based on the
number of genes detected and the proportion of mito-
chondrial genes was set to less than 2.5% as described
previously in the methods above. We then obtained the
pseudo-bulk expression matrices using the Seurat R
package function AverageExpression() which performs
average expression of each gene across all cells in the
dataset. Thereafter, we obtained the individual pseudo-
bulk expression matrices for Monocytes, 2D MDMi, 3D
MDMi, 3D co-culture, Olah et al., and Svoboda et al.,,
containing 13,798, 14,480, 14,220, 14,216, 20,063 and
18,983 genes, respectively.

We next performed normalization and batch correc-
tion of the pseudo-bulk expression matrices using the
Seurat function NormalizeData(). Since the Spearman
correlation analysis can only be performed between
genes that are common between the two datasets and if
there are genes that are unique to one dataset or if there
are missing values for some genes, then those genes will
not be included in the correlation analysis. Therefore,
the correlation analysis of Monocytes, 2D MDMi, 3D
MDMi, 3D co-culture with Olah et al., and Svoboda et al,,
datasets was based on 13,798, 14,480, 14,220 and 14,216
genes, respectively.

We then computed the Spearman’s rank correlation
coeflicient (p) between the average expression values of
each gene that was common in both datasets using the
cor.test function using the Spearman correlation method
in R (version 4.2.3). We then tested the statistical sig-
nificance of the correlation coefficient using a two-tailed
t-test with degrees of freedom (n-2), where n is the num-
ber of genes. Finally, we adjusted the P-values for mul-
tiple testing using the Benjamini-Hochberg method to
control the FDR and generated a correlation matrix. A
scatter plot was used to visualize the correlation between
each of our Monocytes, 2D MDMi, 3D MDMi and 3D
co-culture datasets with that of Olah et al. and Svoboda
etal
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Immunocytochemistry of 2D and 3D cultures
Immunofluorescence staining of 2D and 3D cultures was
performed as described previously [23, 35] with some
modifications. 2D cultures were fixed in 4% paraformal-
dehyde (PFA) or ice-cold methanol (the latter only used
for anti-GFAP antibody) for 15 min and blocked at RT
with 5% bovine serum albumin (BSA) (Sigma-Aldrich,
MO, USA) in PBS. Primary antibodies [TREM 2 (1:500;
Abcam, # ab201621), P2RY12 (1:200; Alomone Labs,
#APR-20), TMEM119 (1:400; Abcam, # abl85333),
IBA1 (1:500; Wako, #019-19741), Nestin (1:200; Abcam,
#ab22035), GFAP (1:2000; Abcam, #ab4674), GalC (1:50;
Santa Cruz, #sc-518055), Doublecortin (DCX) (1:200;
Abcam, ab18723) and PIII-tubulin (TUBB3) (1:500; Bio-
Legend, #801202)] were diluted in blocking solution and
incubated overnight at 4 °C. Cells were then washed three
times with 0.1% Triton-X 100 in PBS and incubated with
secondary antibodies [1:250 Alexa Fluor 488 (#A-11034)
/ 594 (#A-21203) / 647 (#A-21244) (ThermoFisher Scien-
tific, CA, USA)] for 2 h at RT in the dark and counter-
stained with a nuclear dye (Hoechst 33342, 1 pg/ml). 3D
cultures were fixed with 4% PFA overnight at RT, perme-
abilized for 30 min with 0.3% Triton-X 100 in PBS, and
blocked overnight at 4 °C with 2% BSA (Sigma-Aldrich,
MO, USA) in PBS. Primary antibody solutions were incu-
bated for 24 h at 4 °C. Secondary antibody solutions were
incubated for 5 h at 4 °C in the dark. Cultures were then
washed five times (10 min each) with 0.1% Triton-X 100
in PBS and counterstained with Hoechst 33342. Images
were captured using a confocal laser scanning micro-
scope (LSM-780, Carl Zeiss) at 20x and 40X magnifica-
tion and processed using the Zeiss ZEN software.

RNA extraction and quantitative real-time PCR (qRT-PCR)
RNA and cDNA were prepared as previously described
[36]. Total RNA was extracted using a Direct-zol RNA
Miniprep kit (Integrated Sciences, Australia) as per man-
ufacturer’s protocol. Conversion to cDNA was carried
out using a SensiFAST" cDNA synthesis kit (Bioline,
London, UK). For qRT-PCR, cDNA was diluted 1:10 to
generate working solutions and combined with Sensi-
FAST™ SYBR® Lo-ROX master mix and gene-specific
primers. qRT-PCR runs were performed as triplicate
on Applied Biosystems ViiA 7 (ThermoFisher Scientific,
CA, USA). Endogenous control 18S was used as a house-
keeping gene for normalization. Relative gene expression
levels were calculated using the AACt method. Human
primer sequences used are listed in Additional file 6:
Table S1.

Multiplex bead-baged immunoassay
The LEGENDplex"' Human Inflammation (#740809) and
Growth Factor (#740180) kits (BioLegend, CA, USA)
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were used to detect cytokines and growth factors in con-
ditioned media. The assay was performed as per manu-
facturer’s instructions. Briefly, conditioned media were
incubated with a cocktail of antibody-conjugated cap-
ture beads. Then biotinylated detection antibodies were
added followed by streptavidin—phycoerythrin (SA-PE).
The amount of analytes of interest in the samples was cal-
culated as a proportion of the fluorescent signal intensity
provided by capture bead-analyte-detection antibody-
SA-PE sandwiches. Signals were acquired on a BD LSR-
Fortessa 5 (BD Biosciences, CA, USA) using FACSDiva
software, and analyzed using Qognit, a cloud-based LEG-
ENDplex " software (BioLegend, CA, USA). Concentra-
tions (pg/ml) were normalized to total amount of protein
in the cultures.

Morphology analysis

Quantification of morphological parameters of MDMi
was performed by adapting a previous method [37].
Phase contrast images in 2D cultures were acquired using
a spinning disc confocal microscope with a 20X objec-
tive of 0.4 numeric aperture. For 3D cultures, we used an
Olympus CKX41 inverted microscope at 20X magnifica-
tion with a 5.1MP CMOS digital camera. Subsequently,
these images were processed in FIJI software (National
Institutes of Health, Maryland, USA) using a macro
script that applied a threshold, followed by processing
functions “despeckle’;, “close” and “remove outliers” that
generated a binary image. Binary images were then run
on the AnalyseSkeleton (2D/3D) plugin, which resulted
in skeletonized images. The “results and branch informa-
tion” outputs from the plugin contained data on branch
length, branch number and triple and quadruple junc-
tions number. Binary images were also analyzed using
the Analyze particles function in FIJI. This calculated
the “solidity” or “ramification index” value, which results
from dividing the area of MDMIi by its convex area (i.e.,
area of the smallest polygon drawn around the cell).
More ramified cells have a bigger convex area and thus
a smaller ramification index (< 1). Mean single cell values
for each parameter were calculated. The total number of
MDMi analyzed per donor was 100 in 2D and 20 in 3D.
N numbers are specified in the corresponding figure leg-
ends and represent biological replicates (i.e., donors).

Cell contacts analysis in 3D co-cultures

Confocal Z-stack images of 3D co-cultures acquired with
a 20X objective were rendered in 3D using the Imaris
software (Bitplane, Belfast, UK) and analyzed with the
Surface-Surface contact area extension module. During
image acquisition, the Z-interval was set at “Optimal” so
that the number of acquired slices was suitable for the
given stack size, objective lens, and pinhole diameter.
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Following surface modeling using the Surface function in
Imaris, the Surface-Surface contact area extension mod-
ule was applied to measure the areas in contact between
ReNcell VM and MDMi as well as the number of con-
tacts established. Both parameters were then normalized
to the total number of MDMi in the image. A total of 200
MDMi in co-culture were analyzed for each donor in the
HC and AD cohorts.

Preparation of amyloid-3 (Ap) aggregates
FITC-conjugated AP peptides 1-42 (FITC-AB1-42)
(Bachem, M2585, CH) were dissolved in DMSO (Merck
KGaA, Darmstadt, Germany) to a concentration of
500 puM and stored at — 80 °C. FITC-APB1-42 were incu-
bated for 24 h at 37 °C in the 3D cultures prior to imaging
to allow for the fibrillization of the peptides and forma-
tion of AP aggregates.

A aggregates exposure and surveillance analysis
FITC-AB1-42 peptides were added at 5 uM to MDMi 3D
mono- and co-cultures at day 35 of differentiation. After
24 h, cultures were imaged on an EVOS FL Auto 2 (Ther-
moFisher Scientific, CA, USA). Scans were set to image
multiple z-stack planes every 12 h for 7 days using a 10X
objective. At least 3 fields of view were scanned per well.
MDMi located within an area of 90,000 pum? containing
one or more A aggregate were tracked using the Manual
tracking plugin in FIJI. Migrated distance and speed of
tracked cells over 7 days of live-imaging were calculated
and normalized to the number of MDMi in the analyzed
areas. Between 100 and 200 MDMi per individual were
tracked in both HC and AD cohorts. N numbers are
specified in the corresponding figure legends and repre-
sent biological replicates (i.e., donors).

Drug treatments

The FDA-approved drugs dasatinib (#CDS023389,
Sigma-Aldrich, MO, USA) and spiperone (#S7395,
Sigma-Aldrich, MO, USA) were reconstituted in DMSO
(Merck KGaA, Darmstadt, Germany) at a working con-
centration of 100 nM and 1 uM, respectively. Drug
treatment duration was 24 h and was performed in 2D
cultures at day 14 of differentiation, and 3D cultures at
day 35 of differentiation. MDMi in both 2D and 3D mod-
els were simultaneously established using monocytes col-
lected from the same blood sample obtained from each
donor. Donors were matched for sex, age and APOE sta-
tus (Table 2). Consistent with the drug solvent, a vehicle
control treatment consisting of DMSO at a concentration
below 0.1% v/v for 24 h served as a normalization con-
trol. Drug responses are presented as fold change relative
to vehicle-treated cultures (drug/vehicle).
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Statistical analysis

All statistical analyses were performed using GraphPad
Prism software version 8 (Graphpad Software, CA, USA).
Comparisons between two groups were analyzed with
two-tailed Student’s ¢-test or Mann—Whitney U, when
normality assumptions were not met. Assumption of
normality was determined using the Shapiro—Wilk nor-
mality test. Comparisons between three or more groups
were analyzed by one- or two-way analysis of variance
(ANOVA) followed by post hoc tests (Dunnett’s multiple
comparison test for one-way ANOVA analyses; Tukey’s
or Sidak’s post hoc test for two-way ANOVA analyses).
These tests have been specified in the corresponding fig-
ure legends. Unless specified otherwise, data points and n
represent biological replicates (independent donors). For
correlation analysis with APOE genotype, a Spearman
rank correlation test was performed. Outliers were calcu-
lated using the Grubbs’ test Extreme Studentized Deviate
(ESD) method provided by GraphPad software (https://
www.graphpad.com/quickcalcs/Grubbsl.cfm). Data are
presented as mean+ SEM or mean+SD and P<0.05 was
considered significant. Statistical significance was deter-
mined as *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001,
as detailed in figure legends.

Results

Single-cell gene expression profiling of MDMi shows

a separate signature from monocytes and a closer
resemblance of the 3D models to bona fide human
microglia

To assess to influence of the culture environment on the
acquisition of a microglia-like signature in MDMi, we dif-
ferentiated monocytes into MDMi in 2D and 3D mono-
cultures, and in 3D co-culture with neuro-glial cells
(Fig. 1A). Positive immunostaining for the microglia-
enriched markers Tmem119, P2ryl2, Trem2 and Ibal
(Fig. 1A) confirmed the acquisition of a microglia-like
identity in MDM.i.

In 3D mono-cultures, Matrigel embedding resulted
in thicker cultures (6.2-fold increase) with extended cell
survival (2.5-fold increase) compared to 2D (Additional
file 1: Fig. S1A; Additional file 8: Movie S1, Additional
file 9: Movie S2). Morphologically, the 3D model induced
a significantly more ramified pattern (Additional file 1:
Fig. S1B) in MDMi that may result from the larger sur-
face area for growth and differentiation provided by the
3D Matrigel scaffold.

In the 3D co-culture model, we mimicked the neuro-
glial cues of the brain microenvironment by using the
immortalized human neural progenitor cell (NPC) line
ReNcell VM [38]. The spontaneous differentiation of
ReNcell VM in 2D over 30 days led to a mixed population
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of radial glia, astrocytes, oligodendrocyte progenitor
cells (OPCs) and neurons (Additional file 1: Fig. S2A, B).
ReNcell VM differentiation in a 3D Matrigel-based cul-
ture showed decreased proliferative capacity along with
increased mature astrocyte and neuronal marker expres-
sion compared to 2D (Additional file 1: Fig. S2C, D). In
addition, we observed that 2D ReNcell VM cultures did
not support MDMi differentiation in co-culture given
that monocytes retained a round morphology in long-
term 2D co-cultures (Additional file 1: Fig. S3A), thereby
suggesting that a 3D Matrigel scaffold is necessary for co-
culturing MDMi and ReNcell VM. In 3D co-culture the
inflammatory function of MDMi was intact, as indicated
by the increased secretion of classical pro-inflammatory
cytokines (IL-6, IL-1p and IL-18) following the exposure
to FITC-Ap peptides (Additional file 1: Fig. S3B).

To characterize MDMi in the different model systems
at a deeper level, we performed single-cell RNA sequenc-
ing (scRNAseq). For scRNAseq analysis, we generated
MDMi cultures using monocytes derived from a young
healthy male donor (Table 1). Single cell suspensions of
monocytes and MDMi were obtained by non-enzymatic
cell recovery, and CD11b-positive cells were sorted and
fixed using the 10X Genomics Chromium fixed RNA
profiling protocol (Fig. 1B). A CD11b-positive selection
was used to specifically isolate myeloid cells (monocytes
and MDMi) and exclude other cell types such as leuko-
cytes and ReNcell VM (Additional file 1: Fig. S4). Fixed
cells were preserved at — 80 °C until all samples were
ready for subsequent library preparation. Following
quality control (Additional file 1: Fig. S5), a total of 9521
monocytes; 5608 MDMi in 2D; 5667 MDMi in 3D and
4543 MDMi in 3D co-culture were analyzed.

We conducted unsupervised clustering and uniform
manifold approximation and projection (UMAP) dimen-
sional reduction techniques to investigate the differences
in single-cell transcriptomic profiles between MDMi and
monocytes. The UMAP plot clearly indicated a sepa-
ration between monocytes and MDMi in 2D, 3D and
3D co-culture models (Fig. 1C). We observed that the
expression of genes enriched in monocytes (CCL22) and
microglia (C1QA, TREM2, PROSI1, GPR34, TMEM119,
GAS6) was highly variable across models (Fig. 1D; Addi-
tional file 1: Fig. S6A). Indeed, the expression of micro-
glia-enriched genes within the population of MDMi cells
in each model system displayed heterogeneity, with less
than 100% of the cells expressing these genes. This con-
firms the presence of various MDMi subpopulations with
unique transcriptional features, indicating a diversity of
cellular states resembling brain microglia. Overlaying
the expression of selected genes in the UMAP plot dem-
onstrated that MDMi models exhibited a decrease in
monocyte markers (CCR2, CCL22), retention of myeloid
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markers (CD14), and an upregulation of bona fide micro-
glia markers (AIF1, CIQA, GPR34, PROS1, GAS6, CST3,
TMEMI119, TREM2, MERTK, P2RY12, CD74) compared
to monocytes (Fig. 1E, F; Additional file 1: Fig. S6B).
Notably, microglial genes that have been implicated in
neurodegeneration, including APOE, MS4A4A, C3, A2M,
SPP1 and FCGBP, showed variable expression levels and
distributions across MDMi models (Fig. 1G).

To investigate the shared characteristics among MDMi
cultures and determine the conservation of the mono-
cytic transcriptomic signature, we partitioned the clus-
ters according to model system and depicted them using
a UMAP plot (Fig. 1H). A comprehensive list of signifi-
cantly differentially expressed genes (P<0.05) in each
individual cluster can be found in Additional file 2: Data-
set S1. We observed that cluster 8, which was defined
by biological pathways associated with inflammation,
integrin signaling and sexual steroid biosynthesis, was
common in monocytes and all MDMi models (Fig. 1I;
Additional file 1: Fig. S7). In contrast, clusters 2, 3, 4, 5
and 9 were commonly found in MDMi models but not in
monocytes. These clusters were enriched in p53, PDGEF,
CCKR and neurotransmitter signaling pathways (Addi-
tional file 1: Fig. S7). Cluster 6 (associated with cytoskel-
etal regulation and plasminogen activation) was exclusive
to 2D MDMi, whereas monocytes shared clusters 7 and
10 (associated with toll receptor, p53 signaling and T cell
activation) with 3D MDM.i, and cluster 0 (associated with
toll receptor and CCKR signaling) with 3D co-culture
(Fig. 1I; Additional file 1: Fig. S7).

We then assessed the similarity between MDMi and
bona fide human microglia by comparing the scRNAseq
expression profiles of these cells against published data-
sets of post-mortem microglia derived from healthy
individuals (Olah et al. 2020) [33] and hiPSC-derived
microglial cells differentiated in vitro in 2D over 60 days
(Svoboda et al. 2019) [34]. Pseudo-bulk analysis was used
to calculate the average expression of common genes,
and the datasets were compared using correlation scatter
dot plots. The following number of genes were included
in the correlation tests: 13,798 for monocytes; 14,480 for
2D; 14,220 for 3D and 14,216 for 3D co-culture. In 3D co-
culture MDMi exhibited the strongest correlation with
both Olah et al. (R=0.78) and Svoboda et al. (R=0.81)
datasets, while 2D MDMIi showed a weaker correlation
(R=0.55 with Olah et al., R=0.63 with Svoboda et al.)
(Fig. 1], K). Importantly, monocytes showed little resem-
blance with both these well-established microglia models
(R=0.42 with Olah et al., R=0.27 with Svoboda et al.)
(Fig. 1J, K). Correlation of the pseudo-bulk expression
profile of a subset of 798 core microglial genes [13, 33,
39] confirmed that 3D co-culture MDMi are more similar
to Olah et al. (R=0.70) and Svoboda et al. (R=0.57) than
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the other culture systems (Additional file 1: Fig. S8; Addi-
tional file 3: Dataset S2). However, we noted that SALLI,
a driver of microglial identity [40], was not expressed in
any of our MDMi models nor in Svoboda et al., suggest-
ing a limitation of these in vitro models to recapitulate all
aspects of microglial biology.

Our findings highlight that MDMi in 3D co-culture
more closely mimic human microglia relative to mono-
culture models, and offer advantages over 2D hiPSC-
derived mono-cultures by capturing the microglial
signature in a more physiologically relevant culture envi-
ronment and a shorter timeframe (30 days).

Microglial functional heterogeneity is best captured

in 3D-cultured MDMi

Our results demonstrate that 3D modeling significantly
improves unique microglial characteristics in MDMi,
including a more ramified morphology and a transcrip-
tomic signature that more closely resembles well-estab-
lished in vitro models of human microglia. However, an
important aspect of these cells is that in the human brain,
they organize in subpopulations that drive disease devel-
opment and could respond more efficiently to targeted
therapeutics [41]. Therefore, it is key that microglial het-
erogeneity can be captured by human in vitro models.

To investigate if MDMi in 3D models recapitulate the
natural heterogeneity of microglial cells better than 2D,
we analyzed the single-cell transcriptomes of monocytes
and MDM.i. A volcano plot representation of the top 100
most differentially expressed genes (DEGs) in monocytes
and MDMi in each model system revealed distinct tran-
scriptomic profiles (Fig. 2A), which exhibited enrichment
in diverse biological processes (Fig. 2B). Notably, the
transcriptional states of monocytes and 2D MDMi dem-
onstrated a narrower range of pathway involvement in
comparison to their 3D mono- and co-culture counter-
parts (Fig. 2B), which suggests that the 3D environment
may promote increased functional diversity in MDMi.

Individual UMAP analyses of monocytes and MDMi
identified five clusters in 2D and 3D co-culture, six clus-
ters in 3D and only three clusters in monocytes (Fig. 2C).
This suggests that MDMi exhibit a greater cellular heter-
ogeneity and more diverse gene expression profiles com-
pared to monocytes. All differentially expressed genes
(P<0.05) within each individual cluster for every model
system are listed in Additional file 4: Dataset S3. Upon
comparing variable gene expression signatures among
clusters, we observed the presence of markers enriched
in microglia and macrophages [42], including SPARC
, CTSK, FOS, FN1, OLR1, COL6A2 and SPPI (Fig. 2D).
Moreover, the differential expression of the homeostatic
markers EGR3 and CCL4 [43], which have been associ-
ated with pre-active microglia in human brains, suggests
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varying activation states of the MDMi subpopulations
(Fig. 2D). Enrichment analysis of DEGs within the top
three clusters in each model system indicated involve-
ment of interferon responses and TNF-a signaling in
2D MDMi; complement, TNF-a and PI3K/AKT/mTOR
signaling in 3D MDMi; and complement, hypoxia, and
mitotic spindle pathways in 3D co-culture (Additional
file 1: Fig. S9).

Collectively, the identification of more transcriptionally
and functionally distinct subpopulations of microglia-like
cells confirms that MDMi in the 3D models attain a vari-
ety of cellular states akin to microglia within the human
brain.

MDMi generated from AD patients exhibit disease-specific
phenotypes

To assess if patient-derived MDMi models capture dis-
ease-specific features of AD microglia, we generated
2D and 3D MDMi using monocytes derived from AD
patients and healthy control (HC) individuals matched
for sex, age and APOE genotype (Fig. 3A; Table 1). We
first confirmed that the origin of the cells did not affect
the survival of MDMi in culture. We observed that both
3D models (mono-culture and co-culture) induced an
average 2.5-fold increase in cell survival compared to 2D
MDMi irrespective of cohort (Fig. 3B). Consistently, sim-
ilar expression of the apoptosis marker BAX between HC
and AD 3D co-cultures (Fig. 3C) suggests that the cell
ratio of MDMi and ReNcell VM and the duration of the
co-culture were favorable.

We noted stronger disease-associated features in 3D
co-culture (Fig. 3) than in the mono-culture (Additional
file 1: Fig. S10) models. While MDMi mono-cultures
showed no morphological differences between cohorts,
a trend for an upregulated expression of disease risk
genes (including CLU, TREM2, PLCG2 and PILRB) was
observed in AD 3D MDMi (Additional file 1: Fig. S10).

In 3D co-culture, we observed disease-specific altera-
tions at different levels. Firstly, the 3D rendering and
subsequent surface reconstruction of 3D co-culture
images revealed a significantly smaller area of contact
and a reduced number of contact points between MDMi
and ReNcell VM in AD compared to HC 3D co-cultures
(Fig. 3D-F). This indicates a possible impairment in the
cell-to-cell interactions between MDMi and ReNcell VM
in AD 3D co-cultures, and could provide a mechanistic
basis for the microglia-driven aberrant synaptic engulf-
ment that occurs in AD [44]. Secondly, comparison of
HC and AD MDMi secretory profiles in 3D co-culture
showed that AD cells secreted higher levels of platelet-
derived growth factor AA (PDGF-AA) and erythro-
poietin (EPO), and lower levels of interferon-y (IFN-y),
compared to HC (Fig. 3G-I; Additional file 5: Dataset S4).
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This indicates that AD MDMi exhibit an altered secre-
tory activity in the 3D co-culture. Moreover, we observed
a significant upregulation of PDGF-AA, EPO (Fig. 3G-I)
and other neurotrophic factors such as Angiopoietin 2
and the granulocyte—macrophage colony stimulating fac-
tor (GM-CSF) (Fig. 3], K) in 3D co-cultures from both
HC and AD cohorts compared to their 3D mono-culture
counterparts. Secretion of these factors by 3D ReNcell
VM mono-cultures (dotted lines in Fig. 3G-K) changed
compared to 3D MDMi mono-cultures, suggesting that
the interaction between MDMi and ReNcell VM in the
3D co-cultures has a functional impact on both cell types.
Lastly, AD MDMi exhibited altered behaviors in the pres-
ence AP aggregates in the 3D co-cultures. Specifically,
upon adding FITC-A peptides into HC and AD 3D co-
cultures and live-imaging for 7 days (Fig. 3L; Additional
file 10: Movie S3), we observed that AD MDMi surveyed
longer distances around Af aggregates compared to HC,
with no significant changes in speed and proportion of
cells clustering around these aggregates (Fig. 3M-O).
AP exposure also elicited disease-specific inflammatory
responses in the 3D co-cultures, with IL-6 being signifi-
cantly secreted at lower levels in AD compared to HC
(Fig. 3P; Additional file 5: Dataset S4). Of note, none of
the observed disease-associated phenotypes showed a
significant correlation with APOE genotype (Additional
file 7: Table S2).

Combined, these results indicate that AD patient-
derived MDMi exhibit most disease-related alterations
when modeled in 3D co-culture.

Alzheimer’s disease patient-specific MDMi models may
facilitate the translatability of drug pre-clinical screens
Using the right culture model is essential for yield-
ing accurate and clinically translatable outcomes in

(See figure on next page.)

Page 13 of 20

pre-clinical drug testing assays. To evaluate if responses
to drugs were dependent on model system in AD
patient-derived MDMIi, we trialed two FDA-approved
compounds—dasatinib (tyrosine kinase inhibitor) and
spiperone (dopamine antagonist). These drugs have
been shown to mitigate inflammation in in vitro models
of microglia [45, 46] and murine models of AD [47] and
have potential as re-purposed drugs for treating neuro-
inflammation. At baseline (untreated MDMi cultures)
minor differences in cytokine gene expression profiles
were observed between model systems irrespective of
cohort (Fig. 4A, B). Noticeably, in the AD cohort, 3D
co-cultures showed a significant downregulation of /L-8
compared to 3D MDMi, and TGF-f3 and IL-18 compared
to 2D MDMi (Fig. 4B).

Interestingly, these culture-specific differences at base-
line changed when HC and AD MDMi (Table 2) were
treated with dasatinib (100 nM, 24 h) and spiperone
(1 uM, 24 h) (Fig. 4C, D; Additional file 1: Fig. S11). For
example, dasatinib changed /L-6 expression between cul-
ture models in the HC cohort (Fig. 4C), while IL-8, TGF-
B and IL-1f showed culture-dependent differences in
the AD cohort (Fig. 4D). Considering that we performed
these drug studies by keeping all experimental conditions
constant (i.e., simultaneous differentiation of MDMi in
all models using the same batch of monocytes obtained
from each respective donor) and only varying the cul-
ture environment (i.e., 2D, 3D or 3D co-culture), our
data suggest that in vitro drug responses strongly depend
on model system. In the context of a drug pre-clinical
screen, this observation reinforces the premise that drug
efficacy should be validated using an appropriate model
system.

To further identify if other variables besides culture
environment drive drug responses in MDMi, we used

Fig. 3 AD-associated phenotypes observed in patient-derived 3D co-cultures. A Representative bright field images of HC and AD co-cultures.
Scale bars, 100 um. B Survival of HC (n=12) and AD (n=13) MDMi in 2D and 3D mono-cultures, and 3D co-cultures. Arrows and values indicate

the fold change increase of the mean survival in 3D and 3D co-cultures versus 2D in each cohort. C Gene expression of the pro-apoptotic marker
BAXin HC (n=12) and AD (n=13) 3D co-cultures. D Immunostaining against Ibal (green) and Tubb3 (red) and 3D surface reconstruction of a 3D
co-culture. Areas of contact between Ibal + (MDMi) and Tubb3 + (ReNcell VM) cells are highlighted in yellow (white arrows). Scale bars, 100 um.
Quantification of E contact area and F number of contacts between Ibal+and Tubb3 +/Gfap + cells in HC (n=6) and AD (n=6) 3D co-cultures.
Concentration of G platelet-derived growth factors AA (PDGF-AA), H erythropoietin (EPO), I interferon-y (IFN-y), J angiopoietin 2 and K granulocyte—
macrophage colony stimulating factor (GM-CSF) secreted by HC (n=8-10) and AD (n=9-10) MDMi in 3D mono-cultures and co-cultures. Baseline
secretion by 3D ReNcell VM mono-cultures is represented with a dotted black line. L Representative images of 3D co-cultures containing FITC-A3
aggregates. MDMi exhibit a resting, ramified morphology at 0 h. They progressively become polarized and acquire an activated, round morphology
with enlarged soma upon reaching and clustering on the AR deposit at 36 h and 48 h (white arrows). Scale bars, 100 um. See also Additional file 10:
Movie S3. M Total surveillance distance, N speed and O clustering around AP aggregates of HC (n=5) and AD (n=5) MDMi in 3D co-cultures. P
Concentration of pro-inflammatory cytokines IL-6, IL-1 and IL-18 secreted by untreated (UT) and AB-treated HC (n=10 UT cultures; n=7 AB-treated
cultures) and AD (n=10 UT cultures; n=7 AB-treated cultures) MDMi in 3D co-cultures. Data are presented as mean + SD. Data points and n
represent biological replicates (donors). One-way ANOVA with Tukey's multiple comparison test in B; unpaired Student’s t test with or without
Welch'’s correction, two-tailed in M, P; Mann-Whitney test, two-tailed in E, F; two-way ANOVA with Tukey's multiple comparison test in G-K;

*P<0.05,**P<0.01, **P<0.001, ***P<0.0001
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heat maps to compare donor-by-donor cytokine expres-
sion (represented as fold change relative to vehicle)
between 2D and 3D mono-cultures. For this analysis, we
excluded 3D co-cultures to account for drug responses
mediated by MDMi alone (mono-cultures) without the
influence of ReNcell VM (present in 3D co-cultures).
These heat maps showed that dasatinib and spiperone
responses not only depend on model system, but also are
donor- and cytokine-specific (Fig. 4E, F; Additional file 1:
Fig. S11).

This pilot experiment has demonstrated that micro-
glial drug responses are model-dependent and het-
erogeneous among HC and AD donors. While further
studies are required to select the most suitable model
system for pre-clinical drug assays, the observed vari-
ability underscores the importance to personalize drug
development approaches in AD. Lastly, in view of the
high variability rates in treatment responses among AD
patients [48], patient-derived MDMi models are pow-
erful tools to improve the clinical translatability in AD
research by facilitating the design of personalized in vitro
drug screens and pre-selecting responders before clinical
trials.

Discussion

Recreating physiologically relevant culture conditions to
mimic the interaction of microglia with other brain cell
types and the extracellular matrix is crucial for accurately
modeling the role of microglia in disease and improving
the clinical translation of drug studies. To our knowledge,
no study has attempted to culture patient microglia-like
cells transdifferentiated from blood monocytes in a cul-
ture setting that resembles the human brain. Hence, in
an effort to develop more representative in vitro models
of human microglia, we used MDMi—a model system
of microglia-like cells that has emerged as a potential
patient-specific drug screening platform for neurologi-
cal diseases [49-51]—and developed novel 3D hydro-
gel-based MDMi platforms as mono-cultures, or in
co-culture with human neuro-glial progenitors.

Deep transcriptional phenotyping using scRNAseq
revealed differential gene expression signatures of MDMi
compared to monocytes, confirming the efficient induc-
tion of a microglia-like state in these cells. Importantly,
microglia-enriched markers such as CIQA, TREM?2,
PROS1, GPR34, TMEM119 and GAS6 were upregulated
in MDMi and showed heterogeneous expression levels
within the cell subpopulations in each model system.
Interestingly, MDMi also exhibited various transcrip-
tional states, which closely mirrors the cellular hetero-
geneity of microglia in the human brain. In addition, our
results showed that MDMi cultured in 3D exhibited
enrichment in a more diverse range of biological
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processes and closer gene expression resemblance to
post-mortem and hiPSC-derived microglia [33, 34] than
2D. These results validate the use of MDMi as an accurate
in vitro surrogate of human microglia by replicating its
transcriptomic signature and heterogeneity. Thus, lever-
aging MDMi to selectively study specific microglial states
from a therapeutic perspective holds promising potential.
Moreover, our study revealed that MDMi subpopulations
in each model system showed distinct enrichment for
genes related to neurodegenerative diseases, including
APOE, MS§4A4A and C3. This provides a basis for using
MDMi for investigating molecular pathways and func-
tional roles related to disease.

Microglia are involved in the pathogenesis of AD and
contribute to the clinical heterogeneity observed among
patients. 3D MDMi models offer a great opportunity to
study AD microglia-like cells in a patient-specific man-
ner. Unlike murine, human immortalized and hiPSC-
derived microglia cell lines used in previous studies [52,
53], MDMi are patient-derived and have not been geneti-
cally modified, being therefore more physiologically rel-
evant and clinically applicable. In addition, the use of cell
samples obtained from living patients allows for the lon-
gitudinal modeling of disease progression in AD, a pre-
requisite for targeted treatment at various stages of the
disease.

Microglia establish physical contacts with neurons
through identified molecular mechanisms such as
purinergic and mitochondrial signaling [54]. Our results
showed reduced cell-to-cell contacts between AD MDMi
and ReNcell VM-derived neuro-glial cells compared
to HC in 3D co-culture. Alterations in such microglia—
neuron interactions could impact the microglial capac-
ity to respond to neuronal damage, providing a potential
mechanism underlying neuron degeneration in AD.
The interaction between AD MDMi and ReNcell VM
revealed altered secretory patterns of specific factors.
Dysregulations in these factors have been reported in AD
patients. For example, in post-mortem brain samples an
imbalanced distribution of PDGF-AA immunopositive
cells associated with gliosis and altered protein expres-
sion levels of astrocytic EPO receptors were identified
[55, 56]. Similarly, in living patients IFN-y plasma levels
were found to vary with disease severity, angiopoietin-2
plasma levels were increased in APOE4 carriers and cer-
ebrospinal fluid levels of GM-CSF showed upregulation
and significant correlation with tau protein levels [57—
59]. Although these alterations have not been directly
associated with microglia, AD MDMi provide a suitable
in vitro tool to understand the potential role of microglia
in these changes.

Microglia have a canonical role in the removal of AP
aggregates [60]. We showed that AD MDMi migrate
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longer distances compared to HC. Similarly, elevated
migration rates were observed in human immortalized
microglia cultured in a 3D tri-culture model with ReN-
cell VM overexpressing pathogenic A species [52].
However, an AD mouse model with aberrant AP produc-
tion showed decreased microglial migration towards Ap
plaques [61], highlighting important differences between
human and murine microglia responses to AB. Our find-
ings warrant further investigation of microglial motil-
ity as a potentially dysregulated cellular feature in AD
brains. Interestingly, we did not observe differences in the
number of MDMi that clustered around A aggregates.
However, we observed changes in pro-inflammatory
cytokine secretion in MDMi from AD compared to HC.
This suggests that AD MDMi may have unique disease-
specific chemotactic and secretory responses against Af.
Future studies should investigate how such changes in
MDMi impact the phagocytic clearance of A aggregates
in the 3D co-cultures. Overall, disease-specific differ-
ences exhibited by AD MDMi in 3D co-culture confirm
the possibility to model disease in AD patient-specific
MDMi using culture models that better recapitulate the
brain microenvironment.

Preliminary drug testing demonstrated the utility of
the 3D MDMi models as personalized drug screening
tools. For instance, differences in MDMi drug responses
between 2D and 3D culture conditions reflect the func-
tional impact of MDMi cultured in a more biologi-
cally relevant 3D environment. This agrees with studies
reporting more similarities in drug-induced cellular
responses between 3D cultures and in vivo conditions
than compared to 2D cultures [62, 63]. Future investiga-
tions should determine whether drug responses from our
3D MDMi models correlate better with responses iden-
tified in animal models and clinical data from patients.
Moreover, our results revealed donor variability in
MDMi drug responses likely derived from the heteroge-
neity of disease presentation among donors. This obser-
vation would support the potential translatability of our
3D platforms to measure individual patient responses
in the clinic. The identification of distinct subpopula-
tions of MDMi within the 2D and 3D model systems by
scRNAseq profiling could support the hypothesis that
MDMi drug responses are mediated by specific cellular
subsets. Therefore, understanding the unique roles of
these MDMi clusters is crucial in developing more effi-
cient in vitro drug testing approaches of microglia-tar-
geted compounds.

While MDMi offer considerable clinical relevance and
are suitable for examining large donor cohorts, some
limitations should be noted. First, MDMi do not fully
recapitulate the ontogeny of resident microglia, which
derive from primitive macrophages in the embryonic
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yolk sac [64]. However, MDMi can serve as surrogates for
infiltrating monocyte-derived macrophages that replace
exhausted resident microglia in AD and perform indis-
pensable roles in resolving disease-associated damage
in the brain parenchyma [65, 66]. Second, the levels of
systemic inflammation, which correlate with AD disease
progression [67], influence the state of circulating mono-
cytes. Consequently, the characteristics of MDMi reflect
the systemic state of a patient at the time of blood with-
drawal and could change as the disease advances. Third,
challenges related to the quality and availability of blood
samples from AD patients may restrict the generation of
MDMi cultures for downstream assays. Nonetheless, it
is noteworthy that a recent study successfully performed
a high-content drug screen with over 1000 compounds
using the MDMi model [51].

In future, the addition of patient hiPSC-derived neu-
ral progenitor cells into the 3D MDMIi co-cultures would
make this platform more personalized, particularly if
hiPSCs and MDMi are obtained from the same indi-
vidual. Such a co-culture model would provide a more
accurate representation of the human brain and would
allow for modeling disease-specific changes, not possible
using ReNcell VM, which derive from a fetal brain and
have been immortalized via myc technology [38]. While
hiPSC-derived microglial and neural cells better capture
ontogeny and more accurately recapitulate the features
of these cell types, it is essential to consider the main
caveats associated with hiPSCs. These include residual
somatic cell epigenetic memory and the potential for de
novo epigenetic aberrations [68, 69]. The epigenetic land-
scape is key to modulate the diversity of microglial func-
tional phenotypes [70], and provides a mechanistic basis
for understanding how molecular processes associated
with aging may contribute to AD predisposition [71].

Conclusions

In conclusion, we describe reproducible and easy-to-gen-
erate 3D in vitro models of MDMi that can recapitulate
potentially important AD-specific differences—not iden-
tified in 2D models—associated with diseased microglia.
This study opens new doors to generate patient-specific
drug testing platforms that support the development of
microglia-targeted therapeutic interventions tailored for
AD patients and potentially other neurological disorders.
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