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Abstract

Neuroinflammation plays a pivotal role in the pathogenesis of Alzheimer's disease (AD). Brain macrophage populations
differentially modulate the immune response to AD pathology according to the disease stage. Triggering receptor expressed
on myeloid cells 2 (TREM2) is known to play a protective role in AD and has been postulated as a putative therapeutic
target. Whether, and to which extent TREM?2 expression can be modulated in the aged macrophage population of the brain
is unknown, emphasizing the need for a human, patient-specific model. Using cells from AD patients and matched controls
(CO) we designed an assay based on monocyte-derived macrophages to mimic brain-infiltrating macrophages and to assess
the individualized TREM2 synthesis in vitro. We systematically assessed the effects of short-term (acute—?2 days) and long-
term (chronic—10 days) M1- (LPS), M2- (IL-10, IL-4, TGF-B), and MO- (vehicle) macrophage differentiation on TREM?2
synthesis. Moreover, the effects of retinoic acid (RA), a putative TREM2 modulator, on individualized TREM2 synthesis
were assessed. We report increased TREM2 synthesis after acute M2- compared to M 1-differentiation in CO- but not AD-
derived cells. Chronic M2- and MO-differentiation however resulted in an increase of TREM?2 synthesis in both AD- and
CO-derived cells while chronic M 1-differentiation increased TREM2 in AD-derived cells only. Moreover, chronic M2- and
MO-differentiation improved the amyloid-f3 (AP) uptake of the CO-derived whereas M1-differentiation of the AD-derived
cells. Interestingly, RA-treatment did not modulate TREM?2. In the age of personalized medicine, our individualized model
could be used to screen for potential drug-mediated treatment responses in vitro.

Graphical Abstract

Triggering receptor expressed on myeloid cells 2 (TREM2) has been postulated as a putative therapeutic target in Alzheimer’s
disease (AD). Using cells from AD patients and matched controls (CO), we designed a monocyte-derived macrophages
(Mo-M®s) assay to assess the individualized TREM2 synthesis in vitro. We report increased TREM?2 synthesis after acute
M2- compared to M1- macrophage differentiation in CO- but not AD-derived cells. Chronic M2- and MO- differentiation
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however resulted in an increase of TREM2 synthesis in both AD- and CO-derived cells while chronic M1-differentiation

increased TREM2 in AD-cells only
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Abbreviations
AD Alzheimer’s disease

TREM?2  Triggering receptor expressed on myeloid
cells 2

CcO Control

Mo-M®s Monocyte-derived macrophages

RA Retinoic acid

AP Amyloid-f

LPS Lipopolysaccharide

IL-4 Interleukin-4

IL-10 Interleukin-10

TGF-p Transforming growth factor beta

LOAD Late-onset Alzheimer’s disease

APOE Apolipoprotein E

BBB Blood-brain barrier

MCI Mild cognitive impairment

sTREM2  Soluble TREM2

CSF Cerebrospinal fluid

PD Parkinson’s disease

RXR Retinoic acid receptor

NIA National Institute on Aging

PBMC Peripheral blood mononuclear cells

FCS Fetal calf serum

P/S Penicillin/streptomycin

M-CSF Macrophage-colony stimulating factor

BCA Bicinchoninic acid

VILIP-1 Visinin-like protein 1

MCP-1 Monocyte chemoattractant protein-1

@ Springer

STREM-1 Soluble TREM1

BDNF Brain-derived neurotrophic factor

TGF-p1 Transforming growth factor beta 1

VEGF Vascular endothelial growth factor

IL-6 Interleukin-6

TNF-«a Tumor necrosis factor-a

B-NGF B-Nerve growth factor

IL-18 Interleukin-18

sRAGE Soluble receptor for advanced glycation end
products

CX3CL1 Fractalkine

CD206 Cluster of differentiation 206

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase

AC, Data normalization relative to housekeeping
gene

PBS Phosphate-buffered saline

SEM Standard error of the mean

atRA All-trans retinoic acid

Introduction

Late-onset Alzheimer’s disease (LOAD) is the leading cause
of dementia worldwide causing significant economic burden
(Fleming et al., n.d.). With increasing life expectancy, the
prevalence of Alzheimer’s disease (AD) is expected to rise,
urging clinicians and researchers to find better treatment ave-
nues. Converging evidence indicates that neuroinflammation
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modulates AD pathology (Bettcher et al. 2021; Regen,
Hellmann-Regen, et al. 2017a, b) and points to a pivotal
role of brain resident immune cells both in disease initiation
and progression (Spangenberg et al. 2019; Villacampa and
Heneka 2020). Most of the knowledge regarding immune
cell function in AD focuses on microglia and stems from ani-
mal models of induced amyloid-f (Ap) pathology, in which
mutated genes from autosomal dominant AD are introduced
into the mouse genetic background (Gotz et al. 2004). The
real-life patients’ biology especially in sporadic LOAD is
however more complex. Up to 30-40 percent of patients
have both AD pathology and vascular disease (Kapasi and
Schneider 2016; Strickland 2018). This increases the likeli-
hood of blood-brain barrier (BBB) dysfunction and might
potentiate the contribution of peripherally derived myeloid
cells to the neuroinflammatory processes seen in AD (Fiala
et al. 1998; Garré and Yang 2018). Moreover, LOAD pathol-
ogy occurs at later stages of life possibly involving immu-
nosenescence, somatic mutations, and multimorbidity—fac-
tors related to aging and difficult to model in a transgenic
mouse in which animals develop Ap-pathology as early as
4 months (Yang et al. 2022). Thus, real-life patients™ asso-
ciated inflammatory pathology could significantly differ
from animal studies (Drummond and Wisniewski 2017) and
understanding the involvement of the aged innate immune
cells in AD pathology at an individual patient’s level would
require personalized patient-derived approaches.
Genome-wide association studies have identified
several mutations of the triggering receptor expressed
on myeloid cells 2 (TREM?2) to be associated with AD
(Jansen et al. 2019; Wightman et al. 2021). Converging
evidence demonstrates that a TREM2-dependent mecha-
nism is mandatory for developing a full protective dam-
age-associated microglial (DAM) response to AP pathol-
ogy (Deczkowska et al. 2018; Keren-Shaul et al. 2017;
Krasemann et al. 2017; Mathys et al. 2017). A recent
study showed that the DAM population detected in AD
comprises TREM2-dependent microglia as well as mono-
cyte-derived TREM2-expressing macrophages and that
the later population also accumulates in the brain dur-
ing physiological aging (Nevalainen et al. 2022; Silvin
et al. 2022). These results are supported by studies show-
ing increased soluble TREM2 (sTREM?2) in the human
cerebrospinal fluid (CSF) with aging and BBB break-
down (Heslegrave et al. 2016; Sudrez-Calvet et al. 2016).
Moreover, increased STREM2 was detected in the CSF of
patients with mild cognitive impairment (MCI) due to AD
but not AD dementia (Ewers et al. 2019; Heslegrave et al.
2016; Suarez-Calvet et al. 2016). Prospective studies have
suggested that apolipoprotein E4 (APOEe4) carriers with
increased sSTREM2 exhibit slower disease progression
compared to carriers with low sSTREM2, supporting the
theory of a protective effect (Edwin et al. 2020). Thus, the

study of individualized TREM2 modulation in monocyte-
derived macrophages (Mo-M®s) as a functional proxy for
brain infiltrating macrophages in AD could offer insights
into possible personalized therapeutic approaches (Cosma
et al. 2021).

TREM?2 is present not only on DAM but also on other
organ-bound macrophages such as osteoclasts, lung, and
peritoneal macrophages (Cella et al. 2003; Turnbull et al.
2006). In fact, several studies characterized TREM2 as
a marker for infiltrating Mo-M®s (Molgora et al. 2020;
Turnbull et al. 2006). More, TREM2 has been identified
as an immunosuppressive marker in tumor-associated
macrophages (Katzenelenbogen et al. 2020; Molgora et al.
2020). Since innate immune cells are highly adaptable
(Gosselin et al. 2014), to assess the individual immune
plasticity at a patient level, a form of standardization is
necessary. Mo-M®s have been described according to
their M1- and M2- macrophage differentiation profile,
which although limited, has proven helpful in standard-
izing the assessment of innate immune plasticity (Cosma
et al. 2021; Yang et al. 2014). In animal studies, TREM2
expression was shown to be induced by M-CSF, IL-4, and
IL-13 stimulation of mouse macrophages in vitro and to
be present in tumor-associated suppressive M2-like mac-
rophages (Cella et al. 2003; Molgora et al. 2020; Turnbull
et al. 2006). Whether this effect is also inducible in human
Mo-M®s from aged healthy controls and AD patients is
unknown. Moreover, since infiltrating macrophages can
be long-lived at a tissue level, the effect of long-term
(chronic) macrophage differentiation on TREM?2 synthe-
sis in AD-derived cells might be of therapeutic interest.
Some animal studies found that retinoic acid receptor
(RXR) agonists might increase TREM2 expression and
that the promoter regions of the two genes are associated
(Chen et al. 2020; Fitz et al. 2019; Savage et al. 2015).
Retinoic acid (RA) stimulation was shown to increase the
phagocytosis of myelin by macrophages and reduce the
M1 -polarization capacity (Wu et al. 2021). Whether RXR
signaling modulates TREM2 in human patient-derived
Mo-M®s is unknown.

To assess TREM2 synthesis at a functional and patient-
specific level we developed an individualized Mo-M®s
differentiation assay using peripheral blood cells from AD
patients and matched controls. We examined the effect
of acute (2 days, 1 X stimulation) and chronic (10 days,
3 X stimulations) M1-, M2-, and MO- macrophage differ-
entiation on TREM2 synthesis in patient-derived individu-
alized cell culture assays. Furthermore, we investigated
the modulatory role of the putative anti-inflammatory and
neuroprotective RA on TREM2 mRNA, secretion and
protein synthesis in acute and chronic differentiated M1-,
M2-, and MO- macrophages.
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Materials and Methods
Participants

Patients with a confirmed clinical diagnosis of Alzheimer’s
disease and healthy controls were enrolled. Controls were
enrolled matched for age, APOE-status, and BMI (body
mass index) (Table 1). All participants signed an informed
consent form, and the local ethics committee approved the
study (EA4/002/13). Individuals meeting the National Insti-
tute on Aging (NIA)—Alzheimer's Association Diagnostic
Guidelines with a confirmed CSF diagnosis of AD accord-
ing to the A+ T+ N +criteria were included (Calvin et al.
2020; Delmotte et al. 2021). Healthy controls, with con-
firmed A-T-N- criteria were recruited through the memory
clinic of the department. All procedures complied with the
ethical standards of national and institutional committees on
human experimentation and with the Helsinki Declaration
of 1975, as revised in 2008. All participants underwent a
clinical interview, physical examination and their medical
history was obtained. Exclusion criteria for all participants
were any clinical signs of acute inflammation, recent infec-
tion requiring antibiotics (< 1 month), recent vaccination
(< 3 months), chronic inflammatory disease, heart failure,
clinically manifest asthma or allergies, history of cancer and
stroke, pregnancy and lactation as well as poorly controlled
diabetes, cardiovascular, renal, hepatic, hematologic, endo-
crine and neurologic disease, and any medication containing

Table 1 Descriptive characteristic of AD patients and control subjects

AD CO p-value

(n=8) (n=8)
Age 74.25 (6.25) 72.75 (8.64) 0.9382
BMI (kg/m?) 23.52 (4.822) 22.46 (3.08) 0.7778
Gender (m/f) 4/4 2/6 >0.9999
MMSE score 235(1.4) 29.2 (1.03) 0.0115
APOE &4 status (pos./neg.) 4/4 4/4 >0.9999
CSF AB 1-42 489.4 (248.3) 816.6 (402.1)  0.1049
CSF—p-tau, g, 112.5 (62.10) 38.31(11.76)  0.0007
CSF—t-tau 654 (323.5)  252.6 (75.04)  0.0002

Disease duration (years) 2.21(1.3) n.a

Significant p-values are given in bold

Data are shown as mean and standard deviation (SD) unless other-
wise stated

Probability values (p) denote differences between groups. Kruskal—
Wallis tests performed to compare gender and APOE €4 differences.
Pairwise comparison of groups was performed with Mann Whitney
tests (unpaired groups)

AD Alzheimer’s disease; CO control, APOE apolipoprotein, CSF cer-
ebrospinal fluid, A amyloid B peptide, P-tau,g; tau phosphorylated
at threonine 181, T-fau total tau, MMSE Mini Mental State Examina-
tion, n.a. not applicable
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retinoic acid, chronic use of non-steroidal anti-inflammatory
drugs or corticosteroids. Blood samples were taken between
8 and 12 a.m.

PBMC Isolation

Peripheral blood mononuclear cells (PBMCs) were obtained
from heparinized venous blood, by using FICOLL™ den-
sity gradient centrifugation following previously published
protocols (Cosma et al. 2021; Regen et al. 2017a, b). Antico-
agulated blood was collected and then diluted twofold with
PBS, pipetted into a centrifuge tube prefilled with Biocoll
separating solution (Biochrom, Germany), followed by cen-
trifuging at 2000 rpm for 30 min at room temperature with-
out deceleration. Separated PBMC layers were washed twice
with cold PBS and then stored at — 80 °C until further use.

Primary Human Monocyte-Derived Macrophage
Enriched Culture and Stimulation

Monocytes were isolated by adherence to plastic surfaces.
For this, isolated PBMCs were cultured in a 24-well plate
(2x 10° cells/well) at 37 °C with 9% O, and 5% CO, in
RPMI medium enriched with 10% fetal calf serum (FCS,
Biochrom, Germany), 1% Penicillin/Streptomycin (P/S)
(10,000 U/10 mg per ml; Biochrom, Germany) and human
macrophage -colony stimulating factor (M-CSF) (10 ng/
ml) (Miltenyi Biotec). After overnight incubation, half of
the RPMI-1640 media were exchanged for a high glucose-
containing DMEM media supplemented with human M-CSF
(10 ng/ml), 1% P/S and 10% FCS. Culture media were
replaced with fresh DMEM media on day 2 of plating and
all non-adherent cells were completely removed. Attached
monocytes were polarized to macrophages (Mo-M®s) for
a total period of 5 days with M-CSF, followed by 2 (acute,
1 x stimulation) and 10 days (chronic, 3 X stimulation)
of differentiation to M1 (50 ng/ml LPS (Sigma-Aldrich,
USA)), M2 (IL-4, IL-10, TGFp each 20 ng/ml (Peprotech,
USA)) according to previously published macrophage dif-
ferentiation protocols (Cosma et al. 2021; Mia et al. 2014;
Saeed et al. 2014) (Fig. 1a). See Supplemental Table 1 for
cytokines and LPS lot numbers. Fresh medium change (25%)
was performed at day 3 and 7 of differentiation. M-CSF-
stimulated cells not incubated with any other stimuli were
used as controls (unstimulated, MO-macrophages). To exam-
ine the RA effect, half of the cell culture plates of each par-
ticipant were individually stimulated with RA (Retinoic acid,
2 uM; Sigma-Aldrich, USA, Fig. 3a). The RA was added to
the wells 24 h after the M1-, M2-, and MO- differentiation.
Each stimulation was run in duplicates, i.e., two wells per
stimulation. All experiments were run simultaneously. See
Figs. 1a and 3a for an overview of the stimulation protocol.
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Fig.1 Acute and chronic Mo-M®s differentiation to M1-, M2-, and
MO- macrophages a Experimental design: Mo-M®s were polar-
ized for the total periods of 7 and 15 days with M-CSF, of which,
respectively, the last 2 (acute) and 10 days (chronic) under differentia-
tion to M1 (LPS), M2 (IL-4, IL10, TGF- B), and MO (unstimulated)
macrophages. b Morphology of the Mo-M®s after chronic differen-
tiation observed with a Zeiss Axiovert 10 Inverted Microscope and
captured with SWIFT Cam SC500 5.1 MP. Magnification =25x, scale
bar=10 pum. ¢ IL-6 and d TNF-a cytokine secretion; e MCP-1 secre-
tion and (f) CD206 mRNA expression levels in acute and chronic dif-

Preparation of Cell Lysates

Mo-M®s were lysed with protein lysis buffer composed
of 10 mM Tris pH 7.4, 150 mM NaCl, 2 mM EGTA,
50 mM B-Glycerophosphate, 0.5% Triton X-100, 40 pl/ml
25 x cOmplete™ EDTA-free Protease Inhibitor Cocktail
(Roche, Mannheim, Germany) and 50 pl/ml 20 X PhosS-
TOP™ (Sigma-Aldrich, Germany) after 2 (acute) and
10 days (chronic) macrophage differentiation. Cell lysates
were stored at — 80 °C until measurement.

Measuring Total Protein Concentration in Cell
Lysates with BCA Assay

From each BCA standard (Thermo Scientific™ Pierce™
BCA protein assay reagents, MA, USA) and cell lysate
sample, 10 ul were pipetted to each of the appropriate
wells. BCA protein assay reagent B (Thermo Fisher Scien-
tific Inc., MA, USA) was diluted with BCA protein assay
reagent A (B: A=1:50) (Thermo Fisher Scientific Inc.,
MA, USA) and 200 pl of the dilution was added to the
standard and sample wells. 96-well plate was incubated
for 1 h at RT and absorbance signals were read by using a
multi-purpose Clariostar™ plate reader (BMG Labtech).
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ferentiated Mo-M®s from patients with AD (n=8) and CO (n=8).
mRNA levels measured with RT-qPCR, normalized to GAPDH. Dots
represent individual participant values. Closed bars and symbols rep-
resent MO (light gray for CO; dark gray for AD), M1 (light red for
CO; dark red for AD), and M2 (light blue for CO; dark blue for AD)
macrophages, respectively. Friedman's ANOVA tests with Dunn's
post hoc multiple comparison tests performed to analyze the within-
group differences and pairwise comparison of groups was performed
with Mann Whitney tests (unpaired groups) (*p<0.05, **p<0.01,
*#%p <0.001)

Assessment of Neuroinflammatory Marker Levels

Secretion and cell-surface expression levels of proteins
were measured in supernatants and cell lysates, respec-
tively, by using the LEGENDplex Human Neuroinflam-
mation Panel (13-plex: VILIP-1 (Visinin-like protein 1),
MCP-1 (Monocyte chemoattractant protein-1), sSTREM2
(soluble TREM?2), BDNF (Brain-derived neurotrophic fac-
tor), TGF-B1 (Transforming growth factor beta), VEGF
(Vascular endothelial growth factor), IL-6 (Interleukin-6),
STREM-1 (soluble TREM1), B-NGF (f-Nerve growth
factor), IL-18 (Interleukin-18), TNF-a (Tumor necrosis
factor-a), SRAGE (soluble receptor for advanced glyca-
tion end products), CX3CL1 (Fractalkine)) (BioLegend,
San Diego, USA) as per the manufacturer’s instructions.
Data were acquired using the BD FACS Canto™ II (Bio-
sciences) and analysis was performed using LEGEND-
plex Data Analysis Software v8.0 (BioLegend, San Diego,
USA) in accordance with the manufacturer’s instructions.
Detection limit ranges for cytokines (pg/ml) are shown
in supplemental Table 2. Measured cell-bound TREM2
protein levels in cell lysates were normalized to total pro-
tein concentrations assessed via BCA-Assay. All measure-
ments were run in parallel, while the assay of AD and CO
supernatants and cell lysates were performed on the same
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plate. CVs range was between 0.4 and 2.49%. VILIP-1,
sTREM-1, B-NGF, IL-18, and CX3CL1 were measured
under the limit of the detection for acute and chronic dif-
ferentiated Mo-M®s.

RNA Extraction and Quantitative Determination
of mRNA Expression

Total RNA from Mo-M®s was isolated using TriReagent®
(Zymo-Research, Germany) according to manufacturers’
instructions, and extracted RNA was stored at — 80 °C for
further analysis. Reverse transcription of the total RNA into
cDNA was performed by following the standard protocol of
the Revert Aid First Strand cDNA Synthesis Kit™ (Thermo
Fisher Scientific Inc., MA, USA) and was stored at — 20 °C
until use. The mRNA expression levels of TREM2 and man-
nose receptor (Cluster of Differentiation 206, CD206) were
quantified with the LightCycler™ 480 SYBR Green I Mas-
ter (Roche, Mannheim, Germany) using 500 nM standard
primer concentrations, following the manufacturer's instruc-
tions in an Applied Biosystems StepOne™ Real-Time PCR
System (CA, USA). GAPDH was used as a housekeeping
gene for data normalization (ACt) (Radoni¢ et al. 2004).
Relative quantification (ACt) and melting curve analysis
were both carried out using the StepOne™ Real-Time PCR
System software. The expression fold change was calculated
as 272 and used for further analysis. Primer sequences are
found in Supplemental Table 3.

Uptake of Fluorescence-Ap Peptide in Mo-M®
Cultures

Isolated PBMCs (10° cells/well) were plated in 96 well
black-clear bottom plates (Greiner Bio-One). Monocytes
were isolated and polarized to M1 (LPS), M2 (IL-4, IL-10,
TGF-B), and MO (unstimulated) macrophages as indicated
above. All experimental steps were performed with RPMI-
1640 medium supplemented with 1% P/S, 10% FCS and
M-CSF. To measure the phagocytic activity, macrophages
were incubated with 500 nM HiLyte™ Fluor 488 AB;_4,
(Anaspec) for 4 h at 37 °C. Mo-M®s were washed twice
with PBS and incubated with 1 pg/ml Hoechst dye 33,342
for 30 min at 37 °C. Extracellular fluorescence intensity of
A4, was quenched with 0.2% trypan blue in phosphate-buff-
ered saline (PBS) for 1 min. After aspiration, fluorescence
signals were detected by using a multi-purpose Clariostar™
plate reader (BMG Labtech). AP uptake capacity of a cell
was calculated as a ratio of total fluorescence intensity of
HiLyte™ Fluor 488 Af, 4, to Hoechst signal in per well and
represented as the total AP,_,, fluorescence signal within a
cell.
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Data Analysis

Data analysis was performed using non-parametric statis-
tics due to data distribution. GraphPad Prism version 8.0.2
(GraphPad Software, La Jolla, USA) was used for graphs
and statistical analysis. Data are presented as median with
interquartile range. Group differences were analyzed by
Kruskal-Wallis tests with Dunn's post hoc multiple com-
parison test or Mann—Whitney U tests (unpaired; denoted by
U) and Wilcoxon test (paired; denoted by W) for pairwise
comparisons. Friedman's ANOVA tests with Dunn's post
hoc multiple comparison test was performed to analyze the
within-group differences. In all experiments, results were
considered statistically significant when the p value of less
than 0.05 was obtained. Cytokine levels below the detectable
limit of the assay were included as half of the lower limit of
detection (Cosma et al. 2021; Kiraly et al. 2017).

Results

Effective Acute and Chronic Mo-M®s Differentiation
to M1- and M2- Macrophages

We recruited 16 clinically well-characterized participants
including patients with AD (n=8) and matched controls
(n=_8). Patients and controls were subcategorized into
APOEge4 allele carrier vs. non carrier (n=4 per group).
Participants’ characteristics are shown in Table 1. After
differentiating participant specific Mo-M®s for short-term
(acute—?2 days) and long-term (chronic -10 days) with LPS
(M1), IL-4, IL-10, TGF-p (M2), or unstimulated (MO),
respectively, we observed clearly distinguishable Mo-M®s”
morphologies: M1-macrophages were stretched and elon-
gated cells while M2-macrophages had flat and enlarged
amoeboid cell shapes and MO-macrophages showed round-
ish cell bodies (Fig. 1a and b).

We quantified IL-6 and TNF-a secretion (M 1-marker) as
well as CD206 mRNA expression (M2-marker) to evaluate
the M1-, respectively, M2-macrophage differentiation effec-
tiveness (Fig. 1c—f). Friedman's ANOVA tests revealed a sig-
nificant main effect of M1- and M2- differentiation in all the
measured markers (Supplemental Table 4-5). AD-derived
MO-macrophages showed higher IL-6 secretion in both acute
and chronic differentiation compared to CO (Upp/acuie = 12,
PMmo/acute = 00348’ UMO/chronic = 10’ P Moschronic = 0.0191 ;
Fig. 1¢). TNF-a secretion was significantly increased in
CO- compared to AD-cells in both acute M1- and M2-mac-
rophages (Uypy/acute = 10: Pumizacute = 0-0195 Unppjaeure = 11.5,
Pm2/acute = 0.0326; Fig. 1d). Furthermore, we evaluated the
secretion levels of MCP-1 one of the important chemokines
that regulate chemotaxis and infiltration of monocytes/
macrophages to the site of inflammation and observed that
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AD-derived cells showed lower MCP-1 levels in M2 vs. M1
macrophages (pAD-M1vs.M2=0.008 in acute, pAD-M1vs.
M2=0.012 in chronic; Fig. le; Supplemental Table 4-5).

Impaired TREM2 Modulation After Acute Mo-M®s
Differentiation in AD-Derived Cells

To understand how M1-, M2-, or MO- differentiation mod-
ulates TREM?2 in patient-derived Mo-M®s after acute
(2 days) and chronic (10 days) differentiation, we assessed
changes in mRNA (TREM?2), protein (cell-bound TREM2),
and secretion- (STREM2) levels (Fig. 2a—c). Since 2 days
in vitro stimulation of mouse macrophages with M-CSF and
IL-4 was shown to induce TREM2 synthesis (Cella et al.
2003; Turnbull et al. 2006), we expected to see an increase
of TREM2 at an individual level after M2 differentiation.
After acute differentiation we indeed saw an increase in
TREM?2 mRNA and sTREM2 in M2 compared to M1 only
in CO-derived cells (Fig. 2a, c; Supplemental Table 5). In
contrast, the AD-derived cells did not show an increase in
TREM?2 mRNA expression or sSTREM?2 secretion after acute

M2- differentiation (Fig. 2a, c; Supplemental Table 4). Inter-
estingly the amount of cell-bound TREM?2 remained con-
stant after short-term differentiation in both groups regard-
less of differentiation status (Fig. 2b). More, CO- compared
to AD-derived M2-macrophages showed higher TREM?2
mRNA expression (U=13.50 p=0.0531; Fig. 2a).

Chronic Mo-M®s Differentiation Improves TREM2
Modulation in AD-Derived Cells

After chronic (10 days) differentiation however, both
AD- and CO-derived cells revealed an increase in TREM?2
mRNA and sTREM?2 in M2- compared to M1-diferen-
tiation (Fig. 2a, c; Supplemental Table 4-5). More, the
chronic MO- and M2- differentiated macrophages of both
groups showed an increase in soluble and cell-bound
TREM?2 compared to the acute differentiation of the same
participant-derived cells (Fig. 2b, c, Table 2). However,
the chronic vs. acute M1-differentiation led to an increase
in all measured levels of TREM2 only in AD- and not
CO-derived cells (Fig. 2a—c, Table 2). These effects
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Fig.2 Impact of acute and chronic M1-, M2-, and MO- macrophage
differentiation on TREM2 synthesis and Af uptake a TREM?2
mRNA, b cell-bound TREM2 and ¢ sSTREM2 levels in Mo-M®s cul-
tures from AD patients (n=8) and CO (n=8). Correlation between
TREM2 mRNA expression and d CD206 mRNA; and e IL-6 secre-
tion in pooled Mo-M®s (including MO, M1, and M2) from AD
patients (n=24) and CO (n=24) after chronic differentiation. Closed
symbols with solid line represent AD while open symbols with line
with dashes represent CO. The Spearman correlation test was used
for correlation analysis where r represents the correlation coeffi-
cient. f APB-uptake by Mo-M®s from patients with AD (n=28) and
CO (n=38). mRNA (normalization GAPDH) expression and protein

TREM2 mRNA

B ol J ]
MO M1 M2 MO M1 M2

Acute Differentiation  Chronic Differentiation

secretion levels were measured with RT-qPCR and bead-based immu-
noassay, respectively. Cell-bound TREM2 protein levels are shown
relative to total protein measured with BCA assay. Dots represent
individual participant values. a—¢ Closed bars and symbols repre-
sent MO (light gray for CO; dark gray for AD), M1 (light red for CO;
dark red for AD), and M2 (light blue for CO; dark blue for AD) mac-
rophages, respectively. f Open bars and symbols represent controls
(CO) or closed bars and symbols AD (black). Friedman's ANOVA
tests with Dunn's post hoc multiple comparison tests performed to
analyze the within-group differences and pairwise comparison of
groups was performed with Wilcoxon test (paired-) or Mann Whitney
tests (unpaired groups) (¥p <0.05, **p <0.01, ***p <0.001)
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Table 2 Impact of acute and chronic Mo-M®s differentiation on TREM?2 synthesis

Gene*/Protein M1
AD (6[0)
Acute Chronic Wilcoxon test p-value Acute Chronic Wilcoxon test p-value
(n=3) (n=3) (n=3) (n=3)
Median (25%— Median (25%— Median (25%— Median (25%—
75%) 75%) 75%) 75%)
TREM?2* 0.019 (0.01-0.03) 0.08 (0.04-0.12) 31 0.031 0.01 (0.003- 0.014 (0.01- 6 0.742
0.055) 0.104)
sTREM?2 51.45 (15.15- 148.7 (101.1- 36 0.008 55.7 (38.79- 94.1 (41.6-213.7) 20 0.195
65.3) 239.8) 85.89)
CB-TREM2  1.85(0.82-2.86) 4.8 (2.74-34) 36 0.008 3(2.04-4) 41.1 (10-106.5) 24 0.109
Gene*/Protein M2 macrophages
AD (6[0)
Acute Chronic Wilcoxon test p-value Acute Chronic Wilcoxon test p-value
(n=3) (n=3) (n=3) (n=3)
Median (25%— Median (25%— Median (25%— Median (25%—
75%) 75%) 75%) 75%)
TREM?2* 0.17 (0.028-0.21) 0.67 (0.4-1.2) 36 0.008 0.363 (0.09-1.1)  0.43 (0.22-1) 5 0.77
STREM?2 91.25(3.35-123) 712.6 (598.5-873) 36 0.008 121.2(78-207) 886.1 (492-1233) 36 0.008
CB-TREM2  2.24 (0.33-7.1) 28.8 (10.8-65.5) 36 0.008 2.63(1.55-11.2) 67.5(16.4-147) 36 0.008
Gene*/Protein M0 macrophages
AD (6[0)
Acute Chronic Wilcoxon test p-value Acute Chronic Wilcoxon test p-value
(n=8) (n=8) (n=8) (n=8)
Median (25%— Median (25%— Median (25%— Median (25%—
75%) 75%) 75%) 75%)
TREM?2* 0.04 (0.03-0.15)  0.224 (0.08- 14 0.382  0.78 (0.02-0.164) 0.15(0.06-0.24) 18 0.234
0.374)
sTREM2 73.84 (36.7-123) 730 (421-1137) 36 0.008 89(72.3-138.5) 1051 (812-435) 36 0.008
CB-TREM2 1.7 (0.42-7.14) 36.13 (14-111) 36 0.008 3.1(2.2-7.2) 107 (15.7-213.4) 34 0.016

Significant p-values are given in bold

*qPCR products in italic

TREM?2* triggering receptor expressed on myeloid cells 2, sSTREM? soluble triggering receptor expressed on myeloid cells 2, CB-TREM?2 cell

bound triggering receptor expressed on myeloid cells 2

suggest that the AD-derived cells are capable of sus-
tained TREM2 secretion if stimulated properly and for an
adequate duration (Fig. 2c¢). Furthermore, it implies that
TREM2 modulation in AD-derived cells is less sensitive
to the chronic M1- “proinflammaory” deleterious effect.
Moreover, after chronic differentiation TREM2 mRNA
levels positively correlated with M2-marker CD206 in
both AD-and CO-derived cells (Fig. 2d) but negatively
correlated to M1 marker IL-6 only in CO-derived cells
(Fig. 2e) further suggesting that TREM2 modulation

@ Springer

in chronic AD- macrophages might be less sensitive to
MI-differentiation.

Chronic Mo-M®s Differentiation Modulates A
Uptake

Since TREM2 has been shown to modulate the accumulation
of AP species in extracellular plaques (Joshi et al. 2021),
we wondered whether the differentiation-induced modula-
tion of TREM2 might also affect the phagocytosis capac-
ity of the Mo-M®s. We observed that chronic macrophage
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Fig.3 Retinoic acid (RA) does not modulate TREM2 synthesis in
response to the acute and chronic Mo-M®s differentiation a RA stim-
ulation performed 24 h after Mo-M®s differentiation to M1 (LPS),
M2 (IL-4, IL10, TGF- ), or MO (VEH, unstimulated) macrophages.
RA-stimulation effect on b STREM2, ¢ TREM2 mRNA and d cell-
bound TREM2 protein levels in Mo-M®s cultures from AD (n=8)
and CO (n=8)-derived cells in acute and chronic differentiation.

differentiation resulted in significantly higher Af uptake
compared to acute differentiation both in M2- and MO- mac-
rophages of CO-derived (Wy, =34, p=0.0156) (W, =32,
p=0.0234; Fig. 2f). However, AD-derived cells showed
significantly more Af uptake over time in M 1-macrophages
(W=30, p=0.0391, Mdn,,.. =4.93, Mdn,,;. = 10.65;
Fig. 2f). We however did not find a difference in Af uptake
between AD- and CO-derived cells (Fig. 2f).

RA Treatment Does Not Modulate TREM2 in Acute
and Chronic Mo-M®s Cultures

To assess one potential pharmacologic treatment strategy,
we investigated whether RA-stimulation additionally modu-
lates TREM2 synthesis in acute and chronic patient-derived
MO-, M1-, and M2-Mo-M® cultures. Figure 3 shows meas-
ured-TREM?2 levels after additional RA-treatment. We did
not find an additional RA-dependent modulation of TREM2
levels in acute or chronic patient-derived M0O-, M1-, and
M2-differentiated macrophages (Fig. 3b—d).

Higher TREM2 Secretion in APOE&4(+) Compared
to APOE€4(-) Mo-M®s

We further evaluated whether TREM?2 synthesis may
be differentially regulated by APOEe4 genotype in acute

Chronic Differentiation

Acute Differentiation Chronic Differentiation

Cell-bound TREM2 protein levels shown relative to total protein
measured with BCA assay. Dots represent individual participant val-
ues. Closed bars without pattern represent CO (gray) and AD (black)
and open bars with pattern represent CO+RA (gray) and AD+RA
(black). The most relevant statistically significant differences between
groups are shown by Kruskal-Wallis tests with Dunn's post hoc mul-
tiple comparison tests (*p <0.05, **p <0.01, ***p <0.001)

and chronic patient-derived Mo-M®s (Fig. 4a—c). We
found that acute M1- and M2- differentiated macrophages
secreted significantly higher sSTREM2 in APOEe4(+)
compared to APOEe4(—) (Upy/acute = 0> PMm1/acute = 0.0042;
Umz/acute = 10.5, Papojacute = 0.0.025; Fig. 4a). However,
APOEg4(+) compared to APOEe4(—) derived Mo-M®s
did not show different TREM?2 mRNA and cell-bound pro-
tein expression levels (Fig. 4b, c). More, there was also no
interaction between retinoid treatment and APOE genotype
(Fig. 4d—f). Furthermore, we evaluated whether the APOEe4
genotype mediates A uptake in acute and chronic Mo-M®s
cultures. M1-macrophages from APOEe4(+) showed higher
Ap uptake compared to the APOEe4(—) (U=10, p=0.0207,
Mdnogeacs) =5-680, Mdny o4, =2.610; Fig. 4h).

We further assessed whether APOEe4 genotype would
modulate acute and chronic Mo-M®s differentiation and
did not see any genotype-specific effect on the synthesis of
MI1- and M2- marker as well as other macrophages secreted
cytokines (MCP-1, VEGF, and sRAGE) (Supplemental
Fig. 1 ; for statistics Supplemental Table 6-7).
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Fig.4 APOEe4 effect on TREM2 synthesis in the absence or pres-
ence of RA-stimulation a sSTREM2, b TREM2 mRNA and c¢ cell-
bound TREM2 protein levels in Mo-M®s cultures from APOEe4(+)
(n=8) and APOEe4(—) (n=8)- derived cells. Dots represent indi-
vidual participant values. Closed bars and symbols represent MO
(light gray for APOEe4(—); dark gray for APOEe4(+)), M1 (light
red for APOEe4(—); dark red for APOEe4(+)), and M2 (light blue
for APOEe4(-); dark blue for APOEe4(+)) macrophages, respec-
tively. RA-stimulation effect on d sSTREM2, e TREM2 mRNA and
f cell-bound TREM2 protein levels in Mo-M®s cultures after acute
and chronic differentiation. Closed bars without pattern represent
APOEe4(—) (gray) and APOEe4(+) (black) and open bars with
pattern represent APOEe4(—)+RA (gray) and APOEe4(+)+RA
(black). g and h Measurement of AfB-uptake by Mo-M®s from

Discussion

In this work, we investigated the potential and dynamics
of TREM2 modulation by acute and chronic MO-, M1-,
and M2- macrophage differentiation in an individualized
patient-specific assay comparing Mo-M®s from well-
characterized LOAD patients with controls. Moreover, we
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patients with APOEe4(+) (n=8) and APOEe4(—) (n=8). Fluores-
cence intensity in Mo-M®s cultures monitored with a microplate
reader. mMRNA (normalization GAPDH) expression and protein/secre-
tion levels were measured with RT-qPCR and bead-based immuno-
assay, respectively. Cell-bound TREM?2 protein levels are shown
relative to total protein measured with the BCA assay. For the group
comparison, open bars and symbols represent controls APOEe4 (—)
or closed bars and symbols APOEe4 (+) (black). Friedman's ANOVA
tests were performed to analyze the within-group differences, while
Kruskal-Wallis tests with Dunn's post hoc multiple comparison tests
were used to analyze differences between groups. Pairwise compari-
son of groups was performed with Wilcoxon test (paired-) or Mann
Whitney tests (unpaired groups) (¥p <0.05, **p <0.01, ***p <0.001)

assessed whether RA-stimulation might additionally mod-
ulate TREM2 synthesis. We show differences in TREM?2
mRNA and sTREM2 levels after acute M2- compared to
M1- macrophage differentiation only in CO- and not AD-
derived cells. Moreover, we report a significant increase
in STREM2 and cell-bound TREM?2 after chronic vs. acute
Mo-M®s differentiation both in CO- and AD-derived
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cells in MO- and M2-differentiation. Chronic vs. acute
M1-differentiation however increased TREM2 only in
AD-derived cells.

First, we observed robust MO-, M1-, M2- differentiation
patterns in AD- and CO- derived cells, both at the morpho-
logical level as well as through specific markers in line with
previous published studies (Cosma et al. 2021; Ormel et al.
2017). As expected, acute and chronic M1 vs. M2 differenti-
ated macrophages, respectively, showed upregulated specific
pro- vs. anti-inflammatory markers in both groups, demon-
strating that our patient-derived individualized cell culture
assay is a proper in vitro stimulation system to emulate train-
ing and tolerance of tissue macrophages at a patient-spe-
cific level. Furthermore, we found significantly higher IL-6
secretion in AD compared to CO after acute- and chronic
MO-macrophage differentiation, which is consistent with
studies that show higher IL-6 levels in AD patients (Licastro
et al. 2000; Saresella et al. 2020).

TREM2 has been proposed to play a modulatory role in
the progression of AD (Ulrich et al. 2017). Contrasting data
from AD patients report both a reduction and an increase of
TREM?2 in the myeloid cells of the central and peripheral
compartments, respectively (Casati et al. 2018; Lue et al.
2015). At the transcript level, we observed higher TREM?2
mRNA levels in CO compared to AD in short-term differ-
entiated M2-macrophages. Since our design was focused
on mimicking differentiated brain infiltrating macrophages
and not peripheral blood cells, our results would match the
above-mentioned reports (Casati et al. 2018; Hu et al. 2014;
Lue et al. 2015). Moreover, TREM2 mRNA was positively
correlated with CD206 mRNA levels in both groups and
negatively correlated with pro-inflammatory IL-6 in CO-
cells. These results are in the line with other studies suggest-
ing that type Il immune response induces TREM?2 synthesis
(Liu et al. 2020; Ydens et al. 2012).

Preliminary clinical studies revealed increased STREM?2
levels associated with microglial activation along with AD
progression (Franzmeier et al. 2020; Heslegrave et al. 2016;
Suarez-Calvet et al. 2016). Our data suggest M2- but also
MO- macrophages are a main source of sSTREM?2 in both
AD- and CO-derived cells. To our knowledge, this is the first
study to show increased TREM?2 after chronic (10 days) M2-
and MO- macrophage differentiation, suggesting TREM?2 as
a marker for native (MO) or anti-inflammatory (M2) differ-
entiated macrophages. Interestingly aged AD-derived cells
show the same secretion potential as CO after the chronic
differentiation, suggesting that MO- or M2- modulatory
substances could have a therapeutic potential in AD. Both
acute and chronic M1-differentiation suppressed TREM?2
synthesis in both groups in accordance with other reports
(Colonna 2023). However, chronic vs. acute M1-differen-
tiation seemed to suppress TREM2 less in AD- than CO-
derived cells. Together the lack of negative correlation with

IL-6 seen in chronic differentiated AD-derived cells, this
might suggest that TREM2 modulation in chronic differenti-
ated Mo-M®s form AD-patients might be less sensitive to
M1-differentiation than CO-derived cells.

The increase in cell-bound and soluble TREM2 after
MO- as well as M2- differentiation implicates this mol-
ecule in tissue repair mechanisms. Our results are thus
in line with research looking at TREM?2 function in other
tissues like lung macrophages or tumor-associated mac-
rophages (Byers et al. 2018; Katzenelenbogen et al. 2020;
Molgora et al. 2020; Nakamura & Smyth 2020). Murine
studies showed increased TREM?2 synthesis in response
to acute stimulation with M-CSF and IL-4 in vitro and the
first human studies noted that the population of M2-mac-
rophages is decreased in AD (Saresella et al. 2020; Turn-
bull et al. 2006). However, most of these studies focused
on short-term differentiation (hours up to 2 days). We thus
advance the field by showing that AD-derived cells are
capable of sustained TREM2 synthesis at a comparable
level with CO if long-term stimulated and suggest that
longer (ex. 10 days) macrophage differentiation assays
should be considered for future characterization of patient-
derived in vitro assays.

APOEe4 variant has been identified as the most com-
mon genetic risk factor for AD and proven to be a ligand
for TREM2, suggesting that the interplay between APOE-
TREM2 might play a role in the regulation of cellular func-
tions (Jendresen et al. 2017; Shi & Holtzman 2018; Wolfe
et al. 2018). We found a tendency toward higher TREM?2
mRNA expression in APOEe4 carriers vs. non-carriers after
acute M1-macrophage differentiation, which is consistent
with some studies of AD patients (Casati et al. 2018; Mori
et al. 2015). We report increased STREM?2 levels in acute
differentiated M1- and M2-macrophages in APOEe4(+)
relative to APOEe4(—). Franzmeier et al. have shown that
APOEg4 carriers with elevated sSTREM?2 levels present
slower cognitive decline and neurodegeneration compared
to carriers with low levels of STREM2 (Franzmeier et al.
2020), further suggesting STREM?2 as a promising therapeu-
tic target, especially in APOEe4 carriers.

Retinoid signaling regulates the expression of various
genes involved in AD pathogenesis via activating transcrip-
tional processes through RA-binding receptors including
retinoic acid receptors and retinoid X receptors (Goodman
& Pardee 2003; Lee et al. 2009). One recent study showed
that two-day all-trans retinoic acid (atRA) plus IL-4 in vitro
treatment of THP-1 macrophages significantly promotes
TREM2 mRNA expression (Chen et al. 2020). Contrary
to these results, we did not observe significant additional
effects of RA treatment on TREM?2 synthesis in our patient-
derived Mo-M®s cultures. Differences in stimulation con-
ditions (IL-4 vs. IL-4/IL-10/TBF-f in our study), cell cul-
tures (THP-1 vs. participant-derived in our study) as well as

@ Springer



3058

Cellular and Molecular Neurobiology (2023) 43:3047-3060

number of separate assays (3 per group vs. 8 per group in
our study), may account for the different results. Moreover,
while Chen et al. assessed TREM?2 mRNA only, our assess-
ment of TREM?2 at several levels of production revealed
no additional RA-induced effect regardless of differentia-
tion phenotype. However, future studies looking into RA-
dependent modulation of TREM?2 might consider stimula-
tion at other concentrations than used in our study.

The small number of participants constitutes a limitation
of the study. Our study was intended to assess for the first
time the suitability of TREM2 modulation in a personal-
ized human in vitro cell model. This study was not powered
to observe small effect sizes between AD- and CO-derived
cells that would likely not significantly add to the diagnos-
tic precision of established biomarkers. However, by run-
ning all the experiments in parallel we indented to minimize
other confounding factors potentially influencing the indi-
vidualized, cell-based assay. The dichotomous M1- and M2-
macrophage differentiation theory is heavily debated since
advances in single-cell technologies clearly suggest that
both macrophages and microglia have a complex response to
immune stimuli and usually coexist at the same tissue target
(Silvin et al. 2022). However, this technique has proven use-
ful in standardizing the assessment of innate immune plas-
ticity especially when stimulation of patient-derived cells
at an individual level is assessed (Cosma et al. 2021; Yang
et al. 2014). Moreover, the goal of our proof concept study
was to assess whether human, aged Mo-M®s show effective
TREM?2 modulation in response to stimuli otherwise well
described in animal models (Katzenelenbogen et al. 2020;
Turnbull et al. 2006).

Conclusion

This is the first study to assess TREM2 dynamics in patient-
specific long-term macrophage differentiation assay. We
report a significant increase in sSTREM?2 and cell-bound
TREM?2 after chronic Mo-M®s differentiation both in CO-
and AD- derived cells, especially after M2-differentiation.
Since M2-macrophages are thought to be neuroprotective,
we speculate that shifting the macrophage phenotype toward
an alternative activation state may significantly increase
TREM2 synthesis in AD patients and thus present a poten-
tial therapeutic avenue. Finally, we point out that patient-
derived individualized cell culture assays may offer a chance
to develop or screen for novel therapeutic strategies in AD
in a precision-medicine approach. However, adequate stimu-
lation duration needs to be considered for in vitro assays
especially when long-term effects are sought.

@ Springer

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10571-023-01351-7.

Acknowledgements Not applicable.

Author Contributions NCC, NE, and JHR designed the study. NCC
recruited the patients and controls. NE conducted the experiments.
BU and SG supported with establishing the experimental protocols.
NCC and NE processed, analyzed, and interpreted the results. NCC
and NE wrote the manuscript. All authors reviewed and approved the
final manuscript. All authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. Charité-Universitidtsmedizin Berlin, as part of the DEAL Pro-
ject, covers the article processing fees.

Data Availability All relevant data in this study are available upon rea-
sonable request directed to the corresponding author.

Declarations
Competing interest The authors declare no competing interests.
Consent for Publication Not applicable.

Ethical Approval All participants signed an informed consent form, and
the local ethics committee approved the study (EA4/002/13).

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

References

Bettcher BM, Tansey MG, Dorothée G, Heneka MT (2021) Periph-
eral and central immune system crosstalk in Alzheimer disease: a
research prospectus. Nat Rev Neurol 17(11):689-701. https://doi.
org/10.1038/s41582-021-00549-x

Byers DE, Wu K, Dang-Vu G, Jin X, Agapov E, Zhang X, Battaile JT,
Schechtman K, Yusen R, Pierce RA, Holtzman MJ (2018) Trig-
gering receptor expressed on myeloid cells-2 expression tracks
With M2-like macrophage activity and disease severity in COPD.
Chest 153(1):77-86. https://doi.org/10.1016/J.CHEST.2017.09.
044

Calvin CM, de Boer C, Raymont V, Gallacher J, Koychev I (2020)
Prediction of Alzheimer’s disease biomarker status defined by
the “ATN framework” among cognitively healthy individuals:
results from the EPAD longitudinal cohort study. Alzheimer’s Res
Therapy 12(1):143. https://doi.org/10.1186/S13195-020-00711-5/
FIGURES/3

Casati M, Ferri E, Gussago C, Mazzola P, Abbate C, Bellelli G, Mari
D, Cesari M, Arosio B (2018) Increased expression of TREM?2
in peripheral cells from mild cognitive impairment patients who


https://doi.org/10.1007/s10571-023-01351-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41582-021-00549-x
https://doi.org/10.1038/s41582-021-00549-x
https://doi.org/10.1016/J.CHEST.2017.09.044
https://doi.org/10.1016/J.CHEST.2017.09.044
https://doi.org/10.1186/S13195-020-00711-5/FIGURES/3
https://doi.org/10.1186/S13195-020-00711-5/FIGURES/3

Cellular and Molecular Neurobiology (2023) 43:3047-3060

3059

progress into Alzheimer’s disease. Eur J Neurol 25(6):805-810.
https://doi.org/10.1111/ENE.13583

Cella M, Buonsanti C, Strader C, Kondo T, Salmaggi A, Colonna M
(2003) Impaired differentiation of osteoclasts in TREM-2—defi-
cient individuals. J Exp Med 198(4):645-651. https://doi.org/10.
1084/JEM.20022220

Chen C, Smith AD, Cheung L, Pham Q, Urban JF, Dawson HD (2020)
Potentiation of IL-4 signaling by retinoic acid in intestinal epi-
thelial cells and macrophages—mechanisms and targets. Front
Immunol 11:605. https://doi.org/10.3389/FIMMU.2020.00605/
BIBTEX

Colonna M (2023) The biology of TREM receptors. Nat Rev Immunol
2023:1-15. https://doi.org/10.1038/s41577-023-00837-1

Cosma NC, Usekes B, Otto LR, Gerike S, Heuser I, Regen F, Hell-
mann-Regen J (2021) M1/M2 polarization in major depressive
disorder: Disentangling state from trait effects in an individualized
cell-culture-based approach. Brain Behav Immun 94:185-195.
https://doi.org/10.1016/j.bbi.2021.02.009

Deczkowska A, Keren-Shaul H, Weiner A, Colonna M, Schwartz M,
Amit I (2018) Disease-associated microglia: a universal immune
sensor of neurodegeneration. Cell 173(5):1073—1081. https://doi.
org/10.1016/J.CELL.2018.05.003

Delmotte K, Schaeverbeke J, Poesen K, Vandenberghe R (2021) Prog-
nostic value of amyloid/tau/neurodegeneration (ATN) classifica-
tion based on diagnostic cerebrospinal fluid samples for Alzhei-
mer’s disease. Alzheimer’s Res Therapy 13(1):1-13. https://doi.
org/10.1186/S13195-021-00817-4/TABLES/3

Drummond E, Wisniewski T (2017) Alzheimer’s disease: experimental
models and reality. Acta Neuropathol 133(2):155. https://doi.org/
10.1007/S00401-016-1662-X

Edwin TH, Henjum K, Nilsson LNG, Watne LO, Persson K, Eldholm
RS, Saltvedt I, Halaas NB, Selb&k G, Engedal K, Strand BH,
Knapskog AB (2020) A high cerebrospinal fluid soluble TREM2
level is associated with slow clinical progression of Alzheimer’s
disease. Alzheimer’s Dementia. https://doi.org/10.1002/dad?2.
12128

Ewers M, Franzmeier N, Suarez-Calvet M, Morenas-Rodriguez E,
Caballero MAA, Kleinberger G, Piccio L, Cruchaga C, Deming
Y, Dichgans M, Trojanowski JQ, Shaw LM, Weiner MW, Haass C
(2019) Increased soluble TREM?2 in cerebrospinal fluid is associ-
ated with reduced cognitive and clinical decline in Alzheimer’s
disease. Sci Transl Med 11(507):6221. https://doi.org/10.1126/
SCITRANSLMED.AAV6221/SUPPL_FILE/AAV6221_SM.PDF

Fiala M, Zhang L, Gan X, Sherry B, Taub D, Graves MC, Hama S,
Way D, Weinand M, Witte M, Lorton D, Kuo YM, Roher AE
(1998) Amyloid-f induces chemokine secretion and monocyte
migration across a human blood-brain barrier model. Mol Med
4(7):480-489. https://doi.org/10.1007/BF03401753/FIGURES/5

Fitz NF, Nam KN, Koldamova R, Lefterov I (2019) Therapeutic tar-
geting of nuclear receptors, liver X and retinoid X receptors, for
Alzheimer’s disease. Br J Pharmacol 176(18):3599. https://doi.
org/10.1111/BPH.14668

Fleming R, Zeisel J, Bennett K (n.d.) World Alzheimer Report 2020—
Design Dignity Dementia: dementia-related design and the built
environment, Volume 1. Retrieved May 28, 2022, from https://
www.alzint.org/resource/world-alzheimer-report-2020/

Franzmeier N, Suarez-Calvet M, Frontzkowski L et al (2020) Higher
CSF sTREM?2 attenuates ApoE4-related risk for cognitive decline
and neurodegeneration. Mol Neurodegener. https://doi.org/10.
1186/S13024-020-00407-2

Garré JM, Yang G (2018) Contributions of monocytes to nervous sys-
tem disorders. J] Mol Med 96(9):873-883

Goodman AB, Pardee AB (2003) Evidence for defective retinoid trans-
port and function in late onset Alzheimer’s disease. Proc Natl

Acad Sci USA 100(5):2901. https://doi.org/10.1073/PNAS.04379
37100

Gosselin D, Link VM, Romanoski CE, Fonseca GJ, Eichenfield
DZ, Spann NJ, Stender JD, Chun HB, Garner H, Geissmann F,
Glass CK (2014) Environment drives selection and function of
enhancers controlling tissue-specific macrophage identities. Cell
159(6):1327-1340. https://doi.org/10.1016/J.CELL.2014.11.023

Gotz J, Streffer JR, David D, Schild A, Hoerndli F, Pennanen L, Kuro-
sinski P, Chen F (2004) Transgenic animal models of Alzhei-
mer’s disease and related disorders: histopathology, behavior and
therapy. Mol Psychiatry 9(7):664—683. https://doi.org/10.1038/
sj.mp.4001508

Heslegrave A, Heywood W, Paterson R, Magdalinou N, Svensson J,
Johansson P, Ohrfelt A, Blennow K, Hardy J, Schott J, Mills K,
Zetterberg H (2016) Increased cerebrospinal fluid soluble TREM2
concentration in Alzheimer’s disease. Mol Neurodegener 11(1):3.
https://doi.org/10.1186/s13024-016-0071-x

Hu N, Tan MS, YuJT, Sun L, Tan L, Wang YL, Jiang T, Tan L (2014)
Increased expression of TREM2 in peripheral blood of Alzhei-
mer’s disease patients. J Alzheimer’s Dis 38(3):497-501. https://
doi.org/10.3233/JAD-130854

Jansen I et al (2019) Genome-wide meta-analysis identifies new loci
and functional pathways influencing Alzheimer’s disease risk. Nat
Genetics 51(3):404. https://doi.org/10.1038/S41588-018-0311-9

Jendresen C, Arskog V, Daws MR, Nilsson LNG (2017) The Alzhei-
mer’s disease risk factors apolipoprotein E and TREM?2 are linked
in a receptor signaling pathway. J Neuroinflammation 14(1):59.
https://doi.org/10.1186/s12974-017-0835-4

Joshi P, Riffel F, Kumar S, Villacampa N, Theil S, Parhizkar S, Haass
C, Colonna M, Heneka MT, Arzberger T, Herms J, Walter J
(2021) TREM2 modulates differential deposition of modified
and non-modified AP species in extracellular plaques and intra-
neuronal deposits. Acta Neuropathol Commun 9(1):1-22. https://
doi.org/10.1186/S40478-021-01263-X/FIGURES/7

Kapasi A, Schneider JA (2016) Vascular contributions to cognitive
impairment, clinical Alzheimer’s disease, and dementia in older
persons. Biochim Biophys Acta (BBA) 1862(5):878-886. https://
doi.org/10.1016/J.BBADIS.2015.12.023

Katzenelenbogen Y, Sheban F, Yalin A, Yofe I, Svetlichnyy D, Jaitin
DA, Bornstein C, Moshe A, Keren-Shaul H, Cohen M, Wang SY,
Li B, David E, Salame TM, Weiner A, Amit I (2020) Coupled
scRNA-Seq and intracellular protein activity reveal an immuno-
suppressive role of TREM2 in cancer. Cell 182(4):872-885.e19.
https://doi.org/10.1016/j.cell.2020.06.032

Keren-Shaul H, Spinrad A, Weiner A, Matcovitch-Natan O, Dvir-
Szternfeld R, Ulland TK, David E, Baruch K, Lara-Astaiso D,
Toth B, Itzkovitz S, Colonna M, Schwartz M, Amit I (2017) A
unique microglia type associated with restricting development of
Alzheimer’s disease. Cell 169(7):1276-1290.e17. https://doi.org/
10.1016/J.CELL.2017.05.018

Kiraly DD, Horn SR, van Dam NT, Costi S, Schwartz J, Kim-Schulze
S, Patel M, Hodes GE, Russo SJ, Merad M, Iosifescu D, v.,
Charney, D. S., & Murrough, J. W. (2017) Altered peripheral
immune profiles in treatment-resistant depression: response to
ketamine and prediction of treatment outcome. Transl Psychiatry
7(3):1065-e1065. https://doi.org/10.1038/tp.2017.31

Krasemann S et al (2017) The TREM2-APOE pathway drives the
transcriptional phenotype of dysfunctional microglia in neurode-
generative diseases. Immunity 47(3):566-581. https://doi.org/10.
1016/J.IMMUNI.2017.08.008

Lee HP, Casadesus G, Zhu X, Lee HG, Perry G, Smith MA, Gustaw-
Rothenberg K, Lerner A (2009) All-trans-retinoic acid as a novel
therapeutic strategy for Alzheimer’s disease. Expert Rev Neu-
rother 9(11):1615. https://doi.org/10.1586/ERN.09.86

@ Springer


https://doi.org/10.1111/ENE.13583
https://doi.org/10.1084/JEM.20022220
https://doi.org/10.1084/JEM.20022220
https://doi.org/10.3389/FIMMU.2020.00605/BIBTEX
https://doi.org/10.3389/FIMMU.2020.00605/BIBTEX
https://doi.org/10.1038/s41577-023-00837-1
https://doi.org/10.1016/j.bbi.2021.02.009
https://doi.org/10.1016/J.CELL.2018.05.003
https://doi.org/10.1016/J.CELL.2018.05.003
https://doi.org/10.1186/S13195-021-00817-4/TABLES/3
https://doi.org/10.1186/S13195-021-00817-4/TABLES/3
https://doi.org/10.1007/S00401-016-1662-X
https://doi.org/10.1007/S00401-016-1662-X
https://doi.org/10.1002/dad2.12128
https://doi.org/10.1002/dad2.12128
https://doi.org/10.1126/SCITRANSLMED.AAV6221/SUPPL_FILE/AAV6221_SM.PDF
https://doi.org/10.1126/SCITRANSLMED.AAV6221/SUPPL_FILE/AAV6221_SM.PDF
https://doi.org/10.1007/BF03401753/FIGURES/5
https://doi.org/10.1111/BPH.14668
https://doi.org/10.1111/BPH.14668
https://www.alzint.org/resource/world-alzheimer-report-2020/
https://www.alzint.org/resource/world-alzheimer-report-2020/
https://doi.org/10.1186/S13024-020-00407-2
https://doi.org/10.1186/S13024-020-00407-2
https://doi.org/10.1073/PNAS.0437937100
https://doi.org/10.1073/PNAS.0437937100
https://doi.org/10.1016/J.CELL.2014.11.023
https://doi.org/10.1038/sj.mp.4001508
https://doi.org/10.1038/sj.mp.4001508
https://doi.org/10.1186/s13024-016-0071-x
https://doi.org/10.3233/JAD-130854
https://doi.org/10.3233/JAD-130854
https://doi.org/10.1038/S41588-018-0311-9
https://doi.org/10.1186/s12974-017-0835-4
https://doi.org/10.1186/S40478-021-01263-X/FIGURES/7
https://doi.org/10.1186/S40478-021-01263-X/FIGURES/7
https://doi.org/10.1016/J.BBADIS.2015.12.023
https://doi.org/10.1016/J.BBADIS.2015.12.023
https://doi.org/10.1016/j.cell.2020.06.032
https://doi.org/10.1016/J.CELL.2017.05.018
https://doi.org/10.1016/J.CELL.2017.05.018
https://doi.org/10.1038/tp.2017.31
https://doi.org/10.1016/J.IMMUNI.2017.08.008
https://doi.org/10.1016/J.IMMUNI.2017.08.008
https://doi.org/10.1586/ERN.09.86

3060

Cellular and Molecular Neurobiology (2023) 43:3047-3060

Licastro F, Pedrini S, Caputo L, Annoni G, Davis LJ, Ferri C, Casadei
V, Grimaldi LME (2000) Increased plasma levels of interleukin-1,
interleukin-6 and alpha-1-antichymotrypsin in patients with Alz-
heimer’s disease: peripheral inflammation or signals from the
brain? J Neuroimmunol 103(1):97-102. https://doi.org/10.1016/
S0165-5728(99)00226-X

Liu W, Taso O, Wang R, Bayram S, Graham AC, Garcia-Reitboeck P,
Mallach A, Andrews WD, Piers TM, Botia JA, Pocock JM, Cum-
mings DM, Hardy J, Edwards FA, Salih DA (2020) Trem?2 pro-
motes anti-inflammatory responses in microglia and is suppressed
under pro-inflammatory conditions. Hum Mol Genet 29(19):3224.
https://doi.org/10.1093/HMG/DDAA209

Lue LF, Schmitz CT, Serrano G, Sue LI, Beach TG, Walker DG (2015)
TREM2 protein expression changes correlate with Alzheimer’s
disease neurodegenerative pathologies in post-mortem tempo-
ral cortices. Brain Pathol (zurich, Switzerland) 25(4):469-480.
https://doi.org/10.1111/BPA.12190

Mathys H, Adaikkan C, Ransohoff RM, Regev A, Correspondence
L-HT (2017) Temporal tracking of microglia activation in neu-
rodegeneration at single-cell resolution. Cell Rep 21:366-380.
https://doi.org/10.1016/j.celrep.2017.09.039

Mia S, Warnecke A, Zhang XM, Malmstrom V, Harris RA (2014) An
optimized protocol for human M2 macrophages using M-CSF and
IL-4/IL-10/TGF-p yields a dominant immunosuppressive pheno-
type. Scand J Immunol 79(5):305-314. https://doi.org/10.1111/
SJL.12162

Molgora M et al (2020) TREM?2 modulation remodels the tumor
myeloid landscape, enhancing anti-PD-1 immunotherapy. Cell
182(4):886. https://doi.org/10.1016/J.CELL.2020.07.013

Mori Y, Yoshino Y, Ochi S, Yamazaki K, Kawabe K, Abe M, Kitano T,
Ozaki Y, Yoshida T, Numata S, Mori T, Iga J, Kuroda N, Ohmori
T, Ueno S (2015) TREM2 mRNA expression in leukocytes is
increased in alzheimer’s disease and schizophrenia. PLoS ONE
10(9):0136835. https://doi.org/10.1371/journal.pone.0136835

Nakamura K, Smyth MJ (2020) TREM2 marks tumor-associated mac-
rophages. Signal Transduct Targeted Therapy 5(1):1-2. https://
doi.org/10.1038/541392-020-00356-8

Nevalainen T, Autio A, Hurme M (2022) Composition of the infil-
trating immune cells in the brain of healthy individuals: effect
of aging. Immunity Ageing 19(1):1-8. https://doi.org/10.1186/
S$12979-022-00302-Y/TABLES/2

Ormel PR, van Mierlo HC, Litjens M, van Strien ME, Hol EM, Kahn
RS, de Witte LD (2017) Characterization of macrophages from
schizophrenia patients. NPJ Schizophr 3(1):1-9. https://doi.org/
10.1038/541537-017-0042-4

Radoni¢ A, Thulke S, Mackay IM, Landt O, Siegert W, Nitsche A
(2004) Guideline to reference gene selection for quantitative
real-time PCR. Biochem Biophys Res Commun 313(4):856-862.
https://doi.org/10.1016/J.BBRC.2003.11.177

Regen F, Hellmann-Regen J, Costantini E, Reale M (2017a) Neuroin-
flammation and Alzheimer’s disease: implications for microglial
activation. Curr Alzheimer Res. https://doi.org/10.2174/15672
05014666170203141717

Regen F, Herzog I, Hahn E, Ruehl C, le Bret N, Dettling M, Heuser I,
Hellmann-Regen J (2017b) Clozapine-induced agranulocytosis:
evidence for an immune-mediated mechanism from a patient-
specific in-vitro approach. Toxicol Appl Pharmacol 316:10-16.
https://doi.org/10.1016/J. TAAP.2016.12.003

Saeed S, Quintin J, Kerstens HHD, Rao NA, Aghajanirefah A, Mata-
rese F, Cheng SC, Ratter J, Berentsem K, van der Ent MA,
Sharifi N, Jamssern-Megens EM, ter Huurne M, Mandoli A, van
Schaik T, Ng A, Burden F, Downes K, Frontini M, Stunnenberg
HG (2014) Epigenetic programming during monocyte to mac-
rophage differentiation and trained innate immunity. Science
345(6204):1251086. https://doi.org/10.1126/SCIENCE.1251086

@ Springer

Saresella M, Marventano I, Piancone F, la Rosa F, Galimberti D,
Fenoglio C, Scarpini E, Clerici M (2020) IL-33 and its decoy
sST2 in patients with Alzheimer’s disease and mild cognitive
impairment. J Neuroinflam 17(1):1-10. https://doi.org/10.1186/
S$12974-020-01806-4/FIGURES/5

Savage JC, Jay T, Goduni E, Quigley C, Mariani MM, Malm T, Ran-
sohoff RM, Lamb BT, Landreth GE (2015) Nuclear receptors
license phagocytosis by Trem2+ myeloid cells in mouse models
of Alzheimer’s disease. J Neurosci 35(16):6532. https://doi.org/
10.1523/JNEUROSCI1.4586-14.2015

Shi Y, Holtzman DM (2018) Interplay between innate immunity
and Alzheimer disease: APOE and TREM2 in the spotlight.
Nat Rev Immunol 18(12):759-772. https://doi.org/10.1038/
s41577-018-0051-1

Silvin A et al (2022) Dual ontogeny of disease-associated microglia
and disease inflammatory macrophages in aging and neurodegen-
eration. Immunity 55(8):1448-1465. https://doi.org/10.1016/J.
IMMUNI.2022.07.004

Spangenberg E et al (2019) Sustained microglial depletion with CSFIR
inhibitor impairs parenchymal plaque development in an Alzhei-
mer’s disease model. Nat Commun 10(1):1-21. https://doi.org/10.
1038/541467-019-11674-z

Strickland S (2018) Blood will out: vascular contributions to Alzhei-
mer’s disease. J Clin Investig 128(2):556-563. https://doi.org/10.
1172/JCI97509

Suérez-Calvet M et al. (2016) sSTREM 2 cerebrospinal fluid levels are
a potential biomarker for microglia activity in early-stage Alzhei-
mer’s disease and associate with neuronal injury markers. EMBO
Mol Med 8(5):466—476. https://doi.org/10.15252/emmm.20150
6123

Turnbull IR, Gilfillan S, Cella M, Aoshi T, Miller M, Piccio L, Her-
nandez M, Colonna M (2006) Cutting edge: TREM-2 attenuates
macrophage activation. J Immunol 177(6):3520-3524. https://doi.
org/10.4049/JIMMUNOL.177.6.3520

Ulrich JD, Ulland TK, Colonna M, Holtzman DM (2017) Elucidating
the role of TREM2 in Alzheimer’s disease. Neuron 94(2):237—
248. https://doi.org/10.1016/J.NEURON.2017.02.042

Villacampa N, Heneka MT (2020) Microglia in Alzheimer’s disease:
local heroes! J Exp Med. https://doi.org/10.1084/JEM.20192311/
133855

Wightman DP et al (2021) A genome-wide association study with
1,126,563 individuals identifies new risk loci for Alzheimer’s
disease. Nat Genet 53(9):1276-1282. https://doi.org/10.1038/
$41588-021-00921-z

Wolfe C, Fitz N, Nam K, Lefterov I, Koldamova R (2018) The role of
APOE and TREM2 in Alzheimer's disease—current understand-
ing and perspectives. Int J Mol Sci 20(1):81. https://doi.org/10.
3390/ijms20010081

Wu S, Romero-Ramirez L, Mey J (2021) Retinoic acid increases phago-
cytosis of myelin by macrophages. J Cell Physiol 236(5):3929—
3945. https://doi.org/10.1002/JCP.30137

Yang AC et al (2022) A human brain vascular atlas reveals diverse
mediators of Alzheimer’s risk. Nature. https://doi.org/10.1038/
$41586-021-04369-3

Yang J, Zhang L, Yu C, Yang XF, Wang H (2014) Monocyte and mac-
rophage differentiation: circulation inflammatory monocyte as
biomarker for inflammatory diseases. Biomark Res 2(1):1. https://
doi.org/10.1186/2050-7771-2-1

Ydens E, Cauwels A, Asselbergh B, Goethals S, Peeraer L, Lornet G,
Almeida-Souza L, van Ginderachter JA, Timmerman V, Janssens
S (2012) Acute injury in the peripheral nervous system triggers
an alternative macrophage response. J Neuroinflam 9(1):1-17.
https://doi.org/10.1186/1742-2094-9-176/FIGURES/7

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


https://doi.org/10.1016/S0165-5728(99)00226-X
https://doi.org/10.1016/S0165-5728(99)00226-X
https://doi.org/10.1093/HMG/DDAA209
https://doi.org/10.1111/BPA.12190
https://doi.org/10.1016/j.celrep.2017.09.039
https://doi.org/10.1111/SJI.12162
https://doi.org/10.1111/SJI.12162
https://doi.org/10.1016/J.CELL.2020.07.013
https://doi.org/10.1371/journal.pone.0136835
https://doi.org/10.1038/s41392-020-00356-8
https://doi.org/10.1038/s41392-020-00356-8
https://doi.org/10.1186/S12979-022-00302-Y/TABLES/2
https://doi.org/10.1186/S12979-022-00302-Y/TABLES/2
https://doi.org/10.1038/s41537-017-0042-4
https://doi.org/10.1038/s41537-017-0042-4
https://doi.org/10.1016/J.BBRC.2003.11.177
https://doi.org/10.2174/1567205014666170203141717
https://doi.org/10.2174/1567205014666170203141717
https://doi.org/10.1016/J.TAAP.2016.12.003
https://doi.org/10.1126/SCIENCE.1251086
https://doi.org/10.1186/S12974-020-01806-4/FIGURES/5
https://doi.org/10.1186/S12974-020-01806-4/FIGURES/5
https://doi.org/10.1523/JNEUROSCI.4586-14.2015
https://doi.org/10.1523/JNEUROSCI.4586-14.2015
https://doi.org/10.1038/s41577-018-0051-1
https://doi.org/10.1038/s41577-018-0051-1
https://doi.org/10.1016/J.IMMUNI.2022.07.004
https://doi.org/10.1016/J.IMMUNI.2022.07.004
https://doi.org/10.1038/s41467-019-11674-z
https://doi.org/10.1038/s41467-019-11674-z
https://doi.org/10.1172/JCI97509
https://doi.org/10.1172/JCI97509
https://doi.org/10.15252/emmm.201506123
https://doi.org/10.15252/emmm.201506123
https://doi.org/10.4049/JIMMUNOL.177.6.3520
https://doi.org/10.4049/JIMMUNOL.177.6.3520
https://doi.org/10.1016/J.NEURON.2017.02.042
https://doi.org/10.1084/JEM.20192311/133855
https://doi.org/10.1084/JEM.20192311/133855
https://doi.org/10.1038/s41588-021-00921-z
https://doi.org/10.1038/s41588-021-00921-z
https://doi.org/10.3390/ijms20010081
https://doi.org/10.3390/ijms20010081
https://doi.org/10.1002/JCP.30137
https://doi.org/10.1038/s41586-021-04369-3
https://doi.org/10.1038/s41586-021-04369-3
https://doi.org/10.1186/2050-7771-2-1
https://doi.org/10.1186/2050-7771-2-1
https://doi.org/10.1186/1742-2094-9-176/FIGURES/7

	Acute and Chronic Macrophage Differentiation Modulates TREM2 in a Personalized Alzheimer’s Patient-Derived Assay
	Abstract
	Graphical Abstract

	Introduction
	Materials and Methods
	Participants
	PBMC Isolation
	Primary Human Monocyte-Derived Macrophage Enriched Culture and Stimulation
	Preparation of Cell Lysates
	Measuring Total Protein Concentration in Cell Lysates with BCA Assay
	Assessment of Neuroinflammatory Marker Levels
	RNA Extraction and Quantitative Determination of mRNA Expression
	Uptake of Fluorescence-Aβ Peptide in Mo-MФ Cultures
	Data Analysis

	Results
	Effective Acute and Chronic Mo-MФs Differentiation to M1- and M2- Macrophages
	Impaired TREM2 Modulation After Acute Mo-MФs Differentiation in AD-Derived Cells
	Chronic Mo-MФs Differentiation Improves TREM2 Modulation in AD-Derived Cells
	Chronic Mo-MФs Differentiation Modulates Aβ Uptake
	RA Treatment Does Not Modulate TREM2 in Acute and Chronic Mo-MФs Cultures
	Higher TREM2 Secretion in APOEε4(+) Compared to APOEε4(−) Mo-MФs

	Discussion
	Conclusion
	Anchor 24
	Acknowledgements 
	References




