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Abstract

Microglia, the main driver of neuroinflammation, play a central role in the initiation and exacerbation
of various neurodegenerative diseases and are now considered a promising therapeutic target.

Previous studies on in vitro human microglia and in vivo rodent models lacked scalability, consistency,
or physiological relevance, which deterred successful therapeutic outcomes for the past decade. Here
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we review human blood monocyte-derived microglia-like cells as a robust and consistent approach
to generate a patient-specific microglia-like model that can be used in extensive cohort studies for

drug testing. We will highlight the strength and applicability of human blood monocyte-derived

From the Contents

Introduction 955

Search Strategy and Selection Criteria 955

'Monocyte-Derived Microglia: Are They Different from

Monocytes or Brain Microglia? 955

Using Human Blood Monocyte-Derived Microglia-Like
Cells to Identify Disease- and Patient-Specific Changesin 956

microglia-like cells to increase translational outcomes by reviewing the advantages of human blood
monocyte-derived microglia-like cells in addressing patient heterogeneity and stratification, the basis
of personalized medicine.

Key Words: human in vitro microglia models; neurodegeneration; neuroinflammation; patient
heterogeneity; patient stratification; peripheral blood monocyte-derived microglia-like cells;
therapeutic target; transdifferentiation; translational outcomes

Neurodegenerative Diseases

Comparative Studies Utilizing Human Blood Monocyte- 956
Derived Microglia-Like Cells

Summary and Future Perspective 956
Introduction

Neuroinflammation is a critical process in all neurodegenerative diseases
and is driven by microglia, the specialized innate immune cell of the
brain. Microglia maintain homeostasis within the central nervous system
(CNS) by regulating neuronal activity by pruning synapses, surveying the
brain for cellular debris, and carrying out appropriate immune regulation.
Alternatively, microglia in the diseased brain exacerbate disease progression
and severity, where defects in microglial function can deter the clearance
of pathological proteins, release neurotoxic cytokines and elicit cell death.
Due to the multiple roles in promoting and alleviating disease progression,
microglia have become a key therapeutic target in recent years. However,
there are still no promising microglial therapeutics, mainly due to the lack
of physiologically relevant models that can faithfully recapitulate disease
pathology and preserve patient-specific heterogeneity within the CNS.

While cell lines, animal models, and post-mortem brain tissues have been
invaluable in providing insights into neurodegenerative diseases and key
concepts in microglial biology, these models have poor predictive power
in identifying potential drug candidates for clinical therapies. One example
of an unsuccessful drug candidate is minocycline, which despite showing
potential in protecting against the toxic effects of B-amyloid by reducing
microglial activation and inflammatory responses in vitro and in animal
models of Alzheimer’s disease, failed to show therapeutic benefits when
trialed in Alzheimer’s disease patients (Howard et al., 2020). This failure
could be attributed to the difficulty in mimicking the complex aspects of
neurodegenerative diseases driven by patient-specific heterogeneity in
microglial function and the species-specific differences between humans
and mice, especially concerning gene expression and function. Alternatively,
microglia isolated from post-mortem brain tissues are of high physiological
relevance compared to other model systems but lack reproducibility and
scalability. These post-mortem brain tissues are often sampled in a small/
selected brain region that does not reflect the natural heterogeneity within
various brain regions (Tan et al., 2020).

Moreover, microglia are highly sensitive to their environment leading to the
disparity in transcriptomic profiles between ex vivo and in vitro microglia,
further altered due to delay with post-mortem tissue extraction, quality of the
post-mortem tissue, and differences with isolation techniques (Gosselin et
al., 2017; Cadiz et al., 2022). The advent of human patient-derived microglia

models obtained directly from patients has significantly bridged this gap,
specifically with the recent advances in the generation of patient-specific
microglia from induced pluripotent stem cells (iPSCs) and human peripheral
blood monocytes. Importantly, accurate microglial models should have the
ability to reflect age-related neurodegenerative disease features as well as
patient-specific clinical manifestations to improve drug efficacies leading to
successful therapeutic outcomes.

Search Strategy and Selection Criteria

Studies cited in the review were published between 2007-2022, and they
were searched on the PubMed database using the following keywords:
monocyte plasticity, monocyte infiltration, monocyte conversion, microglia-
like cells, microglia repopulation, CCR2, iPSC derived hematopoietic stem
cells, iPSC derived macrophage-like cells, iPSC derived microglia-like cells,
neurodegeneration.

Monocyte-Derived Microglia: Are They Different
from Monocytes or Brain Microglia?

Myeloid cells, including monocytes and microglia, are localized in their
respective niche with their specialized tissue-specific function. However,
under most pathological conditions where the blood-brain barrier is
compromised, infiltrating monocytes are recruited into the CNS to aid
dysfunctional or depleting microglia pools (Varvel et al., 2012; Stephenson
et al., 2018). Within the CNS, this population of transient monocytes
differentiates into human blood monocyte-derived microglia-like cells (MDMi),
assuming a ramified morphology, expressing microglial genes such as P2ry12
and Tmem119, and acquiring functional capabilities such as phagocytosis
and eliciting a cytokine response similar to CNS resident microglia. These
MDMi characteristics (morphology, gene expression, and functional changes)
are different in monocytes, macrophages, and dendritic cells from the same
individuals (Banerjee et al., 2021; Quek et al., 2022), and when treated with
immunostimulatory stimuli such as lipopolysaccharide (Melief et al., 2016).

In addition, gene expression profiling of MDMi revealed a single nucleotide
polymorphism for the Alzheimer’s disease risk gene (PILRB). The same single
nucleotide polymorphism was not observed in monocytes from the same
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donor (Ryan et al., 2017), indicating that MDMi are distinct from monocytes.
In line with this, transcriptomic analysis has shown that MDMi cluster closer
to iPSC-derived microglia and infant brain microglia than monocytes and
macrophages (Sellgren et al., 2017; Banerjee et al., 2021). It is clear from
these studies that monocytes and MDMi, though are derived from the
same hematopoietic origin and share many phenotypical and functional
characteristics, behave differently from each other in a diseased context.

C-C chemokine receptor type 2 (CCR2), is a chemokine receptor typically
found on infiltrating monocytes but not in microglia (Mizutani et al., 2012;
Jara et al., 2019). Interestingly, MDMi retains the expression of CCR2 and
express other microglial proteins such as CX3CR1 and P2RY12, suggesting that
these cells resemble both infiltrating monocytes and microglia (Ohgidani et
al., 2014; Banerjee et al., 2021). While the role of CCR2 in these cells is yet
to be elucidated, it could be due to the use of interleukin-34 and granulocyte
macrophage-colony stimulating factors in the differentiation of MDMi. This
was shown in a study that converted infiltrating monocytes to macrophages
by a cytokine-dependent process (Park et al., 2021; Mysore et al., 2022).
Additionally, monocyte subsets, characterized by classical (CD14"°CD167),
intermediate (CD14°CD16"), or non-classical (CD14'CD16"") have varying CCR2
expressions and are correlated with poor clinical outcomes (Saederup et al.,
2010). Whether MDMi transdifferentiated from the various monocyte subsets
will present similar CCR2 expression warrants further investigation.

The origin, transcription, and function of monocytes and MDMi are distinct
from parenchymal microglia (Yamasaki et al., 2014). As such, hematopoietic
stem cells from the fetal liver or bone marrow give rise to blood monocytes,
while microglia originate from embryonic yolk sac progenitors (Ginhoux et
al., 2010). Microglia are also self-renewing and are typically maintained from
the local CNS pool and not from the periphery (Ajami et al., 2007, 2011).
Some questions remain regarding whether MDMi can replace parenchymal
microglia in the long term and how long they could persist within the CNS.
While this is still largely unclear, animal studies have demonstrated several
events; where infiltrating monocytes are able to repopulate the microglia
niche and become microglia-like, but remain distinct in phenotype and
function (Varvel et al., 2012; Cronk et al., 2018; Lund et al., 2018; Shemer et
al., 2018; Hohsfield et al., 2020; Feng et al., 2021), or, infiltrating monocytes
that persist in inflammation do not replenish microglia niche (Ajami et al,,
2011). These findings are largely dependent on experimental procedures used
to deplete microglia to study the recruitment of myeloid cells. It is further
postulated that the number of infiltrating monocytes or microglia-like cells is
dependent on the type of disease (i.e. neurodegenerative, brain injury, and
brain infection), disease severity, and the progression of disease (Yamasaki et
al., 2014; Olah et al., 2020; Haage and De Jager, 2022).

Overall, MDMi can be utilized to further characterize the role of microglia-like
cells to delineate the complex relationship between infiltrating monocytes
and microglia, and their roles in disease progression.

Using Human Blood Monocyte-Derived
Microglia-Like Cells to Identify Disease- and
Patient-Specific Changes in Neurodegenerative
Diseases

MDMIi have significant advantages compared to other microglial models, such
as hiPSC-derived microglia.

The ease of sample collection

Blood is sampled directly from living patient donors prior to peripheral blood
mononuclear cell isolation. This method is less invasive, allows multiple
testing for longitudinal studies, is straightforward for cell harvesting, is cost-
efficient and most importantly, retains patient heterogeneity (clinical, disease-
specific, patient-specific). Although only 5-10% of monocytes constitute
the peripheral blood leukocytes, repeat sampling would ensure sufficient
monocyte stocks for future usage.

Conversely, the generation of human embryonic stem cells (ESCs) or
PSCs is not as straightforward. A skin biopsy has to be first expanded
and reprogrammed to its pluripotent state. This reprogramming is often
low in efficiency, can take months of validation and requires extensive
manipulations, including cell sorting for enrichment. Another caveat in
reprogramming involves the risk of insertional mutagenesis, leaky promoters,
or off-targets, mainly through a genome integrating delivery method (i.e.
lentivirus, adenovirus). Hence, loss of disease-relevant epigenetic traits due
to extensive in vitro manipulations occurs within these cultures leading to the
high propensity of developing genomic anomalies as observed by karyotyping.
Further, reprogramming to pluripotency can hinder the study of age-related
neurodegenerative diseases.

The ease by which we can generate patient-derived microglia-like cells

Blood monocytes can be isolated from peripheral blood mononuclear cells
through CD14" selection or plastic adherence (Cuni-Lépez et al., 2022).
Variations in these published protocols include the growth factors, days in

culture and extracellular matrix. The differences between MDMi generated
from various methods are still unclear, but have shown to display similar
microglia-like morphology, function, and key microglial genes (Banerjee et al.,
2021).

The ease of generating MDMi have allowed the use of a patient cohort
(> 10) to model neurological diseases such as Nasu-Hakola disease (Ohgidani
et al., 2014), schizophrenia (Sellgren et al., 2019), and Huntington’s disease
(Rocha et al., 2021). Our group has recently demonstrated the feasibility of
generating MDMi from amyotrophic lateral sclerosis patient cohort (> 30)
(Quek et al., 2022), which would benefit patient stratification dependent on
disease progression. More importantly, these amyotrophic lateral sclerosis
MDMii display aberrant cytoplasmic TAR-DNA-binding protein-43 expression
and/or phosphorylated TAR-DNA-binding protein-43 inclusion, a pathological
hallmark similar to that observed in post-mortem brains in amyotrophic lateral
sclerosis patients. Interestingly, aberrant phosphorylated TAR-DNA-binding
protein-43 inclusions were heterogeneous in manner, where it was observed
only in some MDMi cells within the same patient and is independent of the
type of disease progression. These results demonstrate the applicability of
MDMIi to reflect disease-specific hallmarks and the heterogeneity within cells,
which is key to understanding disease pathology.

The generation of myeloid cells from human ESC or PSCs requires a complex
stepwise process that begins by patenting ESCs/PSCs into mesoderm
progenitors. These cells are then differentiated into hematopoietic
progenitors, responsible for forming all types of blood cells, followed by
monocytes, which are then transdifferentiated into macrophage- or microglia-
like cells. More recently, it has been shown that direct reprogramming
(transdifferentiation/ forced expression) can be achieved by using lineage-
specific transcription factors to direct somatic cells (i.e. fibroblast) to
hematopoietic progenitors (Yanagimachi et al., 2013; Gomes et al., 2018),
macrophage-like cells (Feng et al., 2008) or microglia-like cells (iMG) (Chen
et al., 2021). Remarkably, direct reprogramming of iMG was shown to
significantly reduce the time required for differentiation (from an average of >
40 days to > 10 days); however, no study has yet demonstrated this approach
using patient-derived samples.

Overall, generating iMGs is expensive and time-consuming; hence it remains
a challenge to sample/screen a large cohort of patients and generate
homogeneous cultures of pure iMG (Speicher et al., 2019). The high
variability in existing protocols to induce mature iMG, such as the co-culture
of various cell types, fluorescence-activated cell sorting, and the use of serum
in media can affect consistency in generating iMG, which may hinder disease-
related pathology and/or patient-specific (genetic and epigenetic) outcomes.
Therefore the simple and efficient methodology required for generating
MDMi eliminates the above challenges and produces cells that retain
epigenetic signatures essential for creating patient-specific disease models.

Comparative Studies Utilizing Human Blood
Monocyte-Derived Microglia-Like Cells

MDMi model is able to simultaneously compare patient responses against a
large cohort of healthy people of matching age and sex, thereby eliminating
experimental inconsistencies such as reagent batch variability and increasing
the consistency of results. The utility of a larger sample size increases the
likelihood of heterogeneity where factors such as diet and medications are
considered. This inherent heterogeneity is necessary for personalized drug
therapy, which is now viewed as a promising therapeutic strategy in multi-
systemic diseases such as cancer and neurodegeneration. In this manner,
MDMi can be used as a pre-clinical screening platform using characteristics
such as disease severity, genetic aberrations, cytokine secretion, and
phagocytic capability. In a broader context, blood-based biomarkers can be
correlated alongside MDMIi to better understand drug efficiency. These results
may improve therapeutic outcomes and provide a platform for personalized
treatment regimes, as shown in Figure 1. Moreover, with an increasing
number of studies integrating bulk RNA-seq in their experimental design, it
is imperative to have a large enough patient cohort to identify differentially
expressed biologically meaningful genes.

Summary and Future Perspective

With the rising prevalence of neurodegenerative diseases, there is an urgent
need to develop a microglial platform capable of recapitulating a complete
disease pathology and providing accurate, efficient, and consistent microglial-
targeted therapies. While there is no current consensus on the best method
for generating in vitro microglia models, both iPSC and monocyte-derived
microglia currently represent a relevant human primary cell model for disease
modeling. Notably, both iMG and MDMi cells resemble fetal brain microglia
as opposed to adult post-mortem microglia, suggesting that both models are
still at their early stages (not fully matured). The question remains whether
advanced modeling of iMG and MDMi in 3D co-culture or brain organoids
would enhance their microglial phenotype. Better refinement of these model
systems will be crucial for translational studies and drug screening platforms
for treating various neurodegenerative diseases.
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Figure 1 | Current applications of patient-derived MDMi to model neurodegenerative diseases.

MDMi is a promising tool for disease modeling and can recapitulate disease pathology and reflect disease- and patient-specific heterogeneity. Data generated using the MDMi model
enables correlation studies that provide pre-clinical stratification, identification of biomarkers, and improved therapeutic regimens. Patient stratification will improve the efficiency
of therapeutic outcomes for personalized medicine, thereby increasing the success rate of clinical trials and reducing the disease burden on patients and healthcare costs. CSF:
Cerebrospinal fluid; GWAS: genome-wide association study; MDMi: human blood monocyte-derived microglia-like cell; MRI: magnetic resonance imaging; PET: positron emission

tomography; RNAseq: RNA-sequencing.

Acknowledgments: We thank Carla Cuni-Lépez, Romal Stewart, Sun Yifan
Emily and Natalie Garden from QIMR Berghofer Medical Research Institute,
as well as collaborators from Prospective Imaging Studying of Aging: Genes,
Brain and Behaviour study (PISA) and the Amyotrophic lateral sclerosis (ALS)
Clinical Research Centre, Palermo, Italy for their contribution to the MDMi
work. Figures were created with BioRender.com.

Author contributions: HQ performed the literature search, wrote the
manuscript, and generated the illustration. ARW reviewed and edited the final
version. Both authors approved the final version of the manuscript.
Conflicts of interest: The authors declare no conflicts of interest.

Open access statement: This is an open access journal, and

articles are distributed under the terms of the Creative Commons
AttributionNonCommercial-ShareAlike 4.0 License, which allows others

to remix, tweak, and build upon the work non-commercially, as long as
appropriate credit is given and the new creations are licensed under the
identical terms.

References
Ajami B, Bennett JL, Krieger C, Tetzlaff W, Rossi FM (2007) Local self-renewal can

sustain CNS microglia maintenance and function throughout adult life. Nat
Neurosci 10:1538-1543.

Ajami B, Bennett JL, Krieger C, McNagny KM, Rossi FMV (2011) Infiltrating
monocytes trigger EAE progression, but do not contribute to the resident
microglia pool. Nat Neurosci 14:1142-1149.

Banerjee A, Lu Y, Do K, Mize T, Wu X, Chen X, Chen J (2021) Validation of induced
microglia-like cells (iMG cells) for future studies of brain diseases. Front Cell
Neurosci 15:629279.

Cadiz MP, Jensen TD, Sens JP, Zhu K, Song WM, Zhang B, Ebbert M, Chang R, Fryer
JD (2022) Culture shock: microglial heterogeneity, activation, and disrupted

single-cell microglial networks in vitro. Mol Neurodegener 17:26.

Chen SW, Hung YS, Fuh JL, Chen NJ, Chu YS, Chen SC, Fann MJ, Wong YH (2021)
Efficient conversion of human induced pluripotent stem cells into microglia by
defined transcription factors. Stem Cell Reports 16:1363-1380.

Cronk JC, Filiano AJ, Louveau A, Marin |, Marsh R, Ji E, Goldman DH, Smirnov |,
Geraci N, Acton S, Overall CC, Kipnis J (2018) Peripherally derived macrophages
can engraft the brain independent of irradiation and maintain an identity
distinct from microglia. J Exp Med 215:1627-1647.

Cuni-Lépez C, Stewart R, Quek H, White AR (2022) Recent advances in microglia
modelling to address translational outcomes in neurodegenerative diseases.
Cells 11:1662.

Feng R, Desbordes SC, Xie H, Tillo ES, Pixley F, Stanley ER, Graf T (2008) PU.1 and C/
EBPalpha/beta convert fibroblasts into macrophage-like cells. Proc Natl Acad Sci
U S A105:6057-6062.

Feng X, Frias ES, Paladini MS, Chen D, Boosalis Z, Becker M, Gupta S, Liu S, Gupta
N, Rosi S (2021) Functional role of brain-engrafted macrophages against brain
injuries. J Neuroinflammation 18:232.

Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, Mehler MF, Conway
SJ, Ng LG, Stanley ER, Samokhvalov IM, Merad M (2010) Fate mapping analysis
reveals that adult microglia derive from primitive macrophages. Science
330:841-845.

Gomes AM, Kurochkin |, Chang B, Daniel M, Law K, Satija N, Lachmann A, Wang Z,
Ferreira L, Ma’ayan A, Chen BK, Papatsenko D, Lemischka IR, Moore KA, Pereira
CF (2018) Cooperative transcription factor induction mediates hemogenic
reprogramming. Cell Rep 25:2821-2835.

Gosselin D, Skola D, Coufal NG, Holtman IR, Schlachetzki JCM, Sajti E, Jaeger
BN, O’Connor C, Fitzpatrick C, Pasillas MP, Pena M, Adair A, Gonda DD, Levy
ML, Ransohoff RM, Gage FH, Glass CK (2017) An environment-dependent
transcriptional network specifies human microglia identity. Science
356:eaal3222.

NEURAL REGENERATION RESEARCH | Vol 18 | No. 5 | May 2023 | 957



NEURAL REGENERATION RESEARCH
www.nrronline.org

Review

Haage V, De Jager PL (2022) Neuroimmune contributions to Alzheimer’s disease: a
focus on human data. Mol Psychiatry 6:1-18.

Hohsfield LA, Najafi AR, Ghorbanian Y, Soni N, Hingco EE, Kim SJ, Jue AD, Swarup V,
Inlay MA, Green KN (2020) Effects of long-term and brain-wide colonization of
peripheral bone marrow-derived myeloid cells in the CNS. J Neuroinflammation
17:279.

Howard R, Zubko O, Bradley R, Harper E, Pank L, O’Brien J, Fox C, Tabet N,
Livingston G, Bentham P, McShane R, Burns A, Ritchie C, Reeves S, Lovestone S,
Ballard C, Noble W, Nilforooshan R, Wilcock G, Gray R, et al. (2020) Minocycline
at 2 different dosages vs placebo for patients with mild Alzheimer disease: a
randomized clinical trial. JAMA Neurol 77:164-174.

Jara JH, Gautam M, Kocak N, Xie EF, Mao Q, Bigio EH, Ozdinler PH (2019) MCP1-
CCR2 and neuroinflammation in the ALS motor cortex with TDP-43 pathology. J
Neuroinflammation 16:1-16.

Lund H, Pieber M, Parsa R, Han J, Grommisch D, Ewing E, Kular L, Needhamsen M,
Espinosa A, Nilsson E, Overby AK, Butovsky O, Jagodic M, Zhang XM, Harris RA
(2018) Competitive repopulation of an empty microglial niche yields functionally
distinct subsets of microglia-like cells. Nat Commun 9:4845.

Melief J, Sneeboer MA, Litjens M, Ormel PR, Palmen SJ, Huitinga |, Kahn RS, Hol
EM, de Witte LD (2016) Characterizing primary human microglia: A comparative
study with myeloid subsets and culture models. Glia 64:1857-1868.

Mizutani M, Pino PA, Saederup N, Charo IF, Ransohoff RM, Cardona AE (2012)

The fractalkine receptor but not CCR2 is present on microglia from embryonic
development throughout adulthood. J Immunol 188:29-36.

Mysore V, Tahir S, Furuhashi K, Arora J, Rosetti F, Cullere X, Yazbeck P, Sekulic M,
Lemieux ME, Raychaudhuri S, Horwitz BH, Mayadas TN (2022) Monocytes
transition to macrophages within the inflamed vasculature via monocyte CCR2
and endothelial TNFR2. J Exp Med 219:€20210562.

Ohgidani M, Kato TA, Setoyama D, Sagata N, Hashimoto R, Shigenobu K, Yoshida T,
Hayakawa K, Shimokawa N, Miura D, Utsumi H, Kanba S (2014) Direct induction
of ramified microglia-like cells from human monocytes: Dynamic microglial
dysfunction in Nasu-Hakola disease. Sci Rep 4:4957.

Olah M, Menon V, Habib N, Taga MF, Ma Y, Yung CJ, Cimpean M, Khairallah A,
Coronas-Samano G, Sankowski R, Griin D, Kroshilina AA, Dionne D, Sarkis RA,
Cosgrove GR, Helgager J, Golden JA, Pennell PB, Prinz M, Vonsattel JPG, et
al. (2020) Single cell RNA sequencing of human microglia uncovers a subset
associated with Alzheimer’s disease. Nat Commun 11:6129.

Park J, Kim JY, Kim YR, Huang M, Chang JY, Sim AY, Jung H, Lee WT, Hyun YM, Lee JE
(2021) Reparative system arising from CCR2(+) monocyte conversion attenuates
neuroinflammation following ischemic stroke. Transl Stroke Res 12:879-893.

Quek H, Cuni-Lépez C, Stewart R, Colletti T, Notaro A, Nguyen TH, Sun Y, Guo
CC, Lupton MK, Roberts TL, Lim YC, Oikari LE, La Bella V, White AR (2022) ALS
monocyte-derived microglia-like cells reveal cytoplasmic TDP-43 accumulation,
DNA damage, and cell-specific impairment of phagocytosis associated with
disease progression. J Neuroinflammation 19:58.

Rocha NP, Charron O, Latham LB, Colpo GD, Zanotti-Fregonara P, Yu M, Freeman
L, Furr Stimming E, Teixeira AL (2021) Microglia activation in basal ganglia is
a late event in Huntington disease pathophysiology. Neurol Neuroimmunol

Neuroinflamm 8:e984.

Ryan KJ, White CC, Patel K, Xu J, Olah M, Replogle JM, Frangieh M, Cimpean M,
Winn P, McHenry A, Kaskow BJ, Chan G, Cuerdon N, Bennett DA, Boyd JD, Imitola
J, Elyaman W, De Jager PL, Bradshaw EM (2017) A human microglia-like cellular
model for assessing the effects of neurodegenerative disease gene variants. Sci
Transl Med 9:eaai7635.

Saederup N, Cardona AE, Croft K, Mizutani M, Cotleur AC, Tsou CL, Ransohoff RM,
Charo IF (2010) Selective chemokine receptor usage by central nervous system
myeloid cells in CCR2-red fluorescent protein knock-in mice. PLoS One 5:e13693.

Sellgren CM, Sheridan SD, Gracias J, Xuan D, Fu T, Perlis RH (2017) Patient-specific
models of microglia-mediated engulfment of synapses and neural progenitors.
Mol Psychiatry 22:170-177.

Sellgren CM, Gracias J, Watmuff B, Biag JD, Thanos JM, Whittredge PB, Fu T,
Worringer K, Brown HE, Wang J, Kaykas A, Karmacharya R, Goold CP, Sheridan
SD, Perlis RH (2019) Increased synapse elimination by microglia in schizophrenia
patient-derived models of synaptic pruning. Nat Neurosci 22:374-385.

Shemer A, Grozovski J, Tay TL, Tao J, Volaski A, SUR P, Ardura-Fabregat A, Gross-
Vered M, Kim JS, David E, Chappell-Maor L, Thielecke L, Glass CK, Cornils K,

Prinz M, Jung S (2018) Engrafted parenchymal brain macrophages differ from
microglia in transcriptome, chromatin landscape and response to challenge. Nat
Commun 9:5206.

Speicher AM, Wiend| H, Meuth SG, Pawlowski M (2019) Generating microglia
from human pluripotent stem cells: novel in vitro models for the study of
neurodegeneration. Mol Neurodegener 14:46.

Stephenson J, Nutma E, van der Valk P, Amor S (2018) Inflammation in CNS
neurodegenerative diseases. Immunology 154:204-219.

Tan YL, Yuan Y, Tian L (2020) Microglial regional heterogeneity and its role in the
brain. Mol Psychiatry 25:351-367.

Varvel NH, Grathwohl SA, Baumann F, Liebig C, Bosch A, Brawek B, Thal DR, Charo
IF, Heppner FL, Aguzzi A, Garaschuk O, Ransohoff RM, Jucker M (2012) Microglial
repopulation model reveals a robust homeostatic process for replacing CNS
myeloid cells. Proc Natl Acad Sci U S A 109:18150-18155.

Yamasaki R, Lu H, Butovsky O, Ohno N, Rietsch AM, Cialic R, Wu PM, Doykan CE, Lin
J, Cotleur AC, Kidd G, Zorlu MM, Sun N, Hu W, Liu L, Lee JC, Taylor SE, Uehlein L,
Dixon D, Gu J, et al. (2014) Differential roles of microglia and monocytes in the
inflamed central nervous system. J Exp Med 211:1533-1549.

Yanagimachi MD, Niwa A, Tanaka T, Honda-Ozaki F, Nishimoto S, Murata Y, Yasumi T,
Ito J, Tomida S, Oshima K, Asaka |, Goto H, Heike T, Nakahata T, Saito MK (2013)
Robust and highly-efficient differentiation of functional monocytic cells from
human pluripotent stem cells under serum- and feeder cell-free conditions.
PLoS One 8:e59243.

Yohei H (2017) Human mutations affecting reprogramming into induced pluripotent
stem cells. AIMS Cell Tissue Eng 1:31-46.

C-Editors: Zhao M, Liu WJ, Wang Lu; T-Editor: Jia Y

958 | NEURAL REGENERATION RESEARCH | Vol 18 | No. 5 | May 2023



