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Abstract

Recent advances in the generation of microglia from human induced pluripotent stem cells 

(iPSCs) have provided exciting new approaches to examine and decipher the biology of microglia. 

As these techniques continue to evolve to encompass more complex in situ and in vivo paradigms, 

so too have they begun to yield novel scientific insight into the genetics and function of human 

microglia. As such, researchers now have access to a toolset comprised of three unique “flavors” 

of iPSC-derived microglia: in vitro microglia (iMGs), organoid microglia (oMGs), and 

xenotransplanted microglia (xMGs). The goal of this review is to discuss the variety of research 

applications that each of these techniques enables and to highlight recent discoveries that these 

methods have begun to uncover. By presenting the research paradigms in which each model has 

been successful, as well as the key benefits and limitations of each approach, it is our hope that 

this review will help interested researchers to incorporate these techniques into their studies, 

collectively advancing our understanding of human microglia biology.
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1 | INTRODUCTION

Microglia, the principle innate immune cells of the brain, play critical roles in development, 

homeostasis, and neurological disease. A great deal of what we currently know about 

microglial function has been informed by elegant studies of mouse microglia. Yet recent 

experiments have revealed important differences between murine and human microglia 

Correspondence: Mathew Blurton-Jones, Department of Neurobiology and Behavior, University of California Irvine, Irvine, CA 
92696. mblurton@uci.edu. 

CONFLICT OF INTEREST
The authors declare no competing interests.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were created or analyzed in this study.

HHS Public Access
Author manuscript
Glia. Author manuscript; available in PMC 2021 April 01.

Published in final edited form as:
Glia. 2020 April ; 68(4): 721–739. doi:10.1002/glia.23781.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Galatro et al., 2017; Gosselin et al., 2017; Smith & Dragunow, 2014), highlighting the need 

for new techniques that could allow researchers to better interrogate the genetics and 

function of human microglia. Fortunately, recent advances in the use of induced pluripotent 

stem cells (iPSCs) have provided exciting new approaches to examine and decipher human 

microglial biology. This review aims to discuss the development and application of these 

new techniques and provide a summary of key benefits and limitations of each approach. In 

doing so, we hope to encourage interested researchers to incorporate these methods into 

their studies, further advancing our collective understanding of microglia biology.

Microglia were first described by multiple researchers in the late 1800’s to early 1900’s, 

including Gluge, Nissl, Achúcarro, Merzbacher, and Cajal (Tremblay, Lecours, Samson, 

Sanchez-Zafra, & Sierra, 2015). However, it was Pio del Rio-Hortega that truly delineated 

these cells from other neuroglia by developing a new method of specifically labeling 

microglia, describing their mesodermal lineage, propensity to alter morphology in response 

to neuronal damage, and their appetite for lipids and cellular debris (Río-Hortega, 1919a, 

1919b, 1919c, 1919d, 1939; Sierra et al., 2016). Yet, despite these clear descriptions from 

100 years ago, the field’s understanding of microglia has only begun to truly expand in the 

past three decades as additional methods of examining these cells have been developed.

Just as del Rio-Hortega established novel histological techniques to visualize microglia, the 

development of a multitude of murine models have enabled many new techniques, including 

genetic alterations, fluorescent cell labeling, and multi-photon microscopy, which have 

together served as key drivers of this new era of microglia discovery. Indeed, the influential 

roles of microglia in brain development, plasticity, homeostasis, and their dynamic response 

to neurotrauma and disease were highly dependent on in vivo studies of mouse microglia 

(Davalos et al., 2005; Nimmerjahn, Kirchhoff, & Helmchen, 2005; Wolf, Boddeke, & 

Kettenmann, 2017). Likewise, del Rio-Hortega’s initial assertion of the possible mesodermal 

lineage of microglia was first clearly demonstrated by Ginhoux and colleagues, by 

definitively tracing the developmental ontogeny of murine microglia back to their yolk-sac 

progenitors (Ginhoux et al., 2010). Mouse models have also greatly advanced our 

understanding of how microglia respond to a variety of pathological environments. For 

example, transgenic models of Alzheimer’s disease (AD) were critical in clarifying the roles 

of the gene triggering receptor expressed on myeloid cells 2 (TREM2) in the microglial 

response to amyloid beta (Aβ) plaques. While initial genome-wide association study 

(GWAS) findings utilized human data to associate TREM2 gene variants with AD risk 

(Guerreiro, Wojtas, et al., 2013; Jonsson et al., 2013), the resulting decreases in migration 

and barrier formation in response to Aβ plaques were first identified in multiple mouse 

models of AD (Jay et al., 2015; Ulrich et al., 2014; Y. Wang et al., 2015). These findings 

were subsequently confirmed in human patients, demonstrating that this phenotype was 

relevant to microglia in AD while also lending support to the validity of the murine models 

(Yuan et al., 2016).

However, it is becoming increasingly evident that rodents cannot always recapitulate human 

genetics, a caveat that is abundantly clear in studies of polygenic diseases such as AD 

(Dawson, Golde, & Lagier-Tourenne, 2018; Friedman et al., 2018; Ueda, Gullipalli, & Song, 

2016). For example, when examining the homology between the human and mouse proteins 
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associated with gene loci that have been implicated in AD risk (Figure 1), over half of the 

proteins that are enriched in microglia (Figure 1, red text) display less than 70% homology 

between the species. Furthermore, mice lack any reliable orthologue for either of the risk 

genes CD33 or CR1. In addition to protein homology, differences in gene expression have 

also been reported between the species. For example, multiple studies have performed 

transcriptomic comparisons between human and murine microglia, reporting significant 

differences in the expression of complement system genes, several inflammatory cytokines, 

and genes related to neurodegenerative diseases such as AD and Parkinson’s disease (PD; 

Galatro et al., 2017; Gosselin et al., 2017; Smith & Dragunow, 2014). Overall, these species-

specific differences likely contribute to the inability of mouse models to accurately mimic 

many human conditions, often hindering the translatability of preclinical research (Burns, 

Li, Mehta, Awad, & Morgan, 2015).

Some researchers have sought to address this caveat by developing methods to isolate 

microglia from human tissue followed by maintenance in an in vitro environment. This 

challenging, yet important approach has indeed been highly informative. For example, 

studies of human brain-derived microglia have provided insight into the differential gene 

expression signatures between human microglia and macrophages across varying activation 

states (Healy et al., 2018). Likewise, the use of primary human microglia has uncovered 

important human-specific features, including their decreased propensity to produce the 

inflammatory molecule nitric oxide compared to murine microglia (Janabi, 2002), and 

differences in responsiveness to pharmacological agents, such as valproic acid and 

propentofylline, when compared to animal models (Gibbons et al., 2011; Landry, Jacobs, 

Romero-Sandoval, & DeLeo, 2012). However, this approach also comes with disadvantages 

that have hindered the widespread applicability of this approach. First, primary human 

microglia are notoriously difficult to obtain, especially in numbers adequate for well 

powered biological experiments. As such, there are a limited number of labs that have the 

expertise and access to tissue needed to routinely isolate human microglia. Second, it has 

recently been demonstrated that once microglia are removed from the brain, they undergo 

rapid transcriptomic and phenotypic changes that diminish the accuracy of these cells as a 

model for in vivo microglia (Bohlen et al., 2017; Butovsky et al., 2014; Gosselin et al., 

2017). Finally, the tissue samples used in isolations are typically obtained postmortem or 

from patients under-going surgical resection of brain tumors or epileptic foci. This presents 

an important unresolved concern, as there has yet to be a study thoroughly examining the 

chronic effects of long-term exposure to pathological conditions in order to determine 

whether microglia isolated from disease-affected tissues are phenotypically normal, or if 

they possess aberrant behaviors and gene expression due to their environmental origins. 

Therefore, it is difficult to say with confidence that microglia isolated in this manner and 

subsequently cultured can be readily applied to experiments focused on homeostatic 

microglia function or disorders unrelated to the condition that had afflicted the host tissue.

However, these concerns have recently served as a catalyst for progress, resulting in another 

set of technical developments aimed at counteracting many of the issues associated with 

both murine microglia and primary human microglia. Primarily, this has come in the form of 

several new protocols devising and describing methods to generate large numbers of human 

microglia in vitro from iPSCs. Several applications of these techniques have now been 
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described that further allow the cells to be studied in both in situ and in vivo environments, 

further addressing concerns with environmental dependencies.

In this review, we will discuss many of these applications. However, as the technical aspects 

of the protocols for generating iPSC-derived microglia have recently been reviewed in detail 

(Haenseler & Rajendran, 2019; Pocock & Piers, 2018; Timmerman, Burm, & Bajramovic, 

2018), this article will only broadly discuss the developmental ontogeny of microglia and 

how most differentiation protocols aim to mimic this ontogeny within a dish (Figure 2). 

Instead, we will focus this review on the following three areas: (1) we will present a brief 

background for each environmental model along with the experimental validations that were 

performed. (2) We will review the applications of each technique with an emphasis on 

results that could not reliably be obtained using traditional methods. (3) We will address the 

benefits and limitations of each technique highlighting appropriate applications of each 

paradigm, the improvements offered over current methods, and areas of further development 

that may continue to enhance these techniques. By discussing the benefits and applications 

of each model, we aim to demonstrate to the reader that these techniques comprise a 

complementary toolset that allows for highly controlled experiments where preliminary 

discoveries from more high-throughput in vitro methods can subsequently be validated in 

more complex in situ or in vivo models. Our hope is that this will help interested researchers 

to understand the utility of these new methods and the type of unique and informative 

experiments that can now be readily pursued with human iPSC-microglia.

Before we begin, we would like to briefly discuss a cohesive terminology for the cells 

generated using these developing techniques. We and others have referred to the in vitro 

flavor of these cells with a variety of names and acronyms including “iPSC-microglia-like 

cells,” “pluripotent microglia-like cells,” “iMGLs,” “pMGLs,” “hiMacs,” “hiMicros,” 

“iPSC-MG,” “iPS-MG,” and so on all to signify that no two protocols are identical and that 

these cells do not perfectly recapitulate the in vivo condition. While variation exists between 

each specific differentiation protocol and none of these methods offer an exact model of 

homeostatic, in vivo microglia, the same is true of more traditional microglia models. Mouse 

microglia possess substantial genetic variation when compared to humans; primary human 

microglia undergo significant transcriptomic alterations when removed from the brain and 

cultured; and ex vivo microglia are routinely isolated from tissue affected by diseases such 

as epilepsy and cancer and further confounded by isolation artifacts caused by enzymatic 

digestions and cell sorting. Yet each of these traditional approaches yield cells that are 

referred to as microglia, not microglia-like cells or macrophages. Therefore, for the sake of 

simplicity, we will refer to all in vitro iPSC-derived microglia as iMGs regardless of the 

differentiation protocol used to generate the cells. Additionally, we will refer to derivatives 

of this methodology as oMGs, for cerebral organoid microglia, and xMGs, for 

xenotransplanted microglia, as each of these terms have already been published in the 

literature (Hasselmann et al., 2019; Ormel et al., 2018; Xiang et al., 2018).

2 | GENERATION OF MICROGLIA FROM HUMAN IPSCS

In an effort to address the difficulty of acquiring enough tissue to routinely isolate large 

amounts of human microglia, multiple scientists converged on a solution to a common 
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problem by publishing six protocols for generating microglia from iPSCs between 2016 and 

2017 (Abud et al., 2017; Douvaras et al., 2017; Haenseler, Sansom, et al., 2017; Muffat et 

al., 2016; Pandya et al., 2017; Takata et al., 2017). While each protocol was unique 

regarding their specific details, each method was based on the concept that, in order to 

generate accurate microglial surrogates in vitro, one needed to mimic the cues that naturally 

drive microglia differentiation in vivo. Whereas early attempts at in vitro microglia 

generation tried to produce microglia by pushing embryonic stem cells through a 

neuroectodermal lineage (Beutner, Roy, Linnartz, Napoli, & Neumann, 2010; Tsuchiya et 

al., 2005), this new generation of protocols was highly informed by an elegant set of 

developmental ontogeny studies that traced the lineage of microglia from mesodermal 

primitive yolk sac progenitors, to MYB-independent erythromyeloid progenitors (EMPs), 

yolk sac macrophages, and finally to microglia within the brain (Ginhoux et al., 2010; 

Kierdorf et al., 2013; Schulz et al., 2012). With this guidance, these new protocols were able 

to produce cells that transitioned from iPSCs through a range of lineage states resembling 

primitive hematopoietic precursor cells (HPCs), EMPs, and, ultimately, microglia (Figure 2; 

Figure 3, iMG), as confirmed in each study by transcriptomic and protein-level analysis of 

canonical microglia markers.

In addition to genetic validation, each of these studies sought to functionally validate their 

iMGs to demonstrate that these in vitro systems could recapitulate a range of traditional 

microglia behaviors. For example, the characteristic ability of microglia to respond to 

inflammatory cues was tested via stimulation with lipopolysaccharide, phorbol myristate 

acetate, IFNγ, or IL1β, and confirmed by measurement of reactive oxygen species or a 

variety of inflammatory cytokines (Abud et al., 2017; Haenseler, Sansom, et al., 2017; 

Pandya et al., 2017). The propensity of iMGs to migrate toward sites of damage was also 

tested by employing a laser induced injury to a 3D culture system, similar to in vivo studies 

(Davalos et al., 2005), or through the addition of ADP, which is typically released by 

damaged neurons. In all cases, iMGs exhibited rapid responses by extending process toward 

the perceived site of damage and/or relocating their cell bodies (Abud et al., 2017; Douvaras 

et al., 2017; Muffat et al., 2016). Finally, the phagocytic capacity of these cells was 

determined by utilizing a variety of substrates, ranging from zymosan-coated microbeads, 

Escherichia coli particles, or more brain-relevant substrates such as synaptosomes, fibrillar 

beta-amyloid, and Tau oligomers (Abud et al., 2017; Douvaras et al., 2017; Pandya et al., 

2017; Takata et al., 2017). While the overall level of uptake varied by assay and substrate, 

each study demonstrated the genesis of phagocitically-functional cells. As a whole, these 

results demonstrated a plethora of microglia-related activities that can be modeled in vitro, 

supporting the use of these cells in a variety of experimental contexts.

Additionally, many of these studies recognized the possibility of transcriptomic deficiencies 

in their iMGs in the absence of other neuronal cell types and sought out ways to induce a 

more accurate, brain-specific microglia profile. While each protocol included the critical 

microglia survival signal CSF1 or IL34 in the culture medium, it was also realized that there 

were a multitude of signaling molecules and physical interactions missing from these basic 

cell culture conditions. To address this, most of the protocols attempted to drive these cells 

closer to a microglia fate by coculturing the iMGs with neurons and/or astrocytes (Abud et 

al., 2017; Muffat et al., 2018; Pandya et al., 2017; Takata et al., 2017). Additionally, while 
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one study showed that coculture with rat neurons altered the transcriptomic profile of the 

iMGs, Abud et al. (2017) also attempted to rectify the deficiencies by supplementing the cell 

culture medium with numerous additional factors aimed at generating more mature 

microglia. In addition to the CSF1 that was included in the other medium formulations, 

Abud and colleagues further added in cytokines such as TGFβ, CX3CL1, CD200 which 

have all been shown to be critical for maintaining microglia homeostasis (Butovsky et al., 

2014; Cardona et al., 2006; Hoek et al., 2000; Kierdorf & Prinz, 2013). In all cases, changes 

to morphology and gene expression were seen following either coculture or medium 

supplementation, suggesting that these modifications may have further matured the iMGs. 

However, it must be kept in mind that each of these studies utilized primary cultured 

microglia as the reference cell type to demonstrate the similarity between iMGs and 

microglia which raises concerns over how accurate the primary cultured microglia were as a 

reference point. While each study suggested that coculture or media supplementation further 

drove the iMGs toward a more accurate microglial fate, additional comparative studies are 

needed to reveal which deficiencies were corrected and what adjustments can be made to the 

culture conditions to further improve the accuracy of iMG models.

Due to the rapid popularity of these models, methods have quickly begun to be refined and 

even commercialized in an effort to reduce variability and broaden access to these 

techniques. For example, McQuade and colleagues demonstrated that utilizing a commercial 

kit to generate CD43+ HPCs greatly simplified the initial paradigm presented by Abud et al. 

(2017), by eliminating the need for hypoxia and cell sorting (McQuade et al., 2018). 

Additionally, this simplified approach led to the production of 60-fold more HPCs and 

continued differentiation of these HPCs into iMGs, following the Abud et al. (2017) 

protocol, resulted in iMGs that were transcriptionally and functionally indistinguishable 

from cells generated with the original approach. In another example, human iMGs have 

recently been made available by Cellular Dynamics International, a FujiFilm company that 

specializes in commercializing iPSC derivatives.

Taken together, these recent advancements clearly demonstrate that the in vitro generation of 

large amounts of functional human iMGs has greatly diminished the prior bottleneck of 

acquiring human microglia. Yet, while the possibility of generating a vast quantity of iMGs 

in vitro is now well within the grasp of most laboratories with basic iPSC-culturing 

capabilities, the environmental dependencies of microglia and the limited studies comparing 

iMGs to in vivo reference microglia means the field has yet to develop a validated in vitro 

system that fully recapitulates the brain environment.

3 | APPROXIMATING THE BRAIN ENVIRONMENT USING CEREBRAL 

ORGANOIDS

Researchers looking for ways to maintain the high-throughput nature of in vitro iMG 

experiments while also attempting to rectify the environment-dependent deficiencies of the 

iMG transcriptome and phenotype began to examine the potential use of iPSC-derived brain 

organoids (BORGs) (Lancaster et al., 2013). However, original descriptions of these “mini 

brains” pointed out that they were lacking microglia due to the ectodermal lineage of the 
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neuroepithelium used to generate them, whereas microglia arise from mesoderm. In an 

attempt to remedy this, Abud et al. (2017) demonstrated that iMGs migrate to and engraft 

within BORGs when the two were maintained in a coculture system. Engrafted iMGs in turn 

adopted a more ramified morphology (Figure 3, oMG) than their purely in vitro 

counterparts. In addition, engrafted iMGs responded to cerebral damage in the form of a 

blunt force puncture injury induced by a needle by adopting ame-boid morphologies 

reminiscent of the “activated” microglia response typically observed in injured brain tissue 

(Karperien, Ahammer, & Jelinek, 2013). However, the parallel differentiation approach that 

is required to generate this model is both technically complex and expensive, and a single 

technique that would innately develop microglia within brain organoids could offer 

researchers a simpler model.

Interestingly, a recent study demonstrated that the original Lancaster protocol was perhaps 

capable of doing this all along (Ormel et al., 2018). In this report, organoid-grown microglia 

(oMGs) were shown to innately develop within BORGs, with only limited alterations to the 

original protocol published by Lancaster et al. (2013). This finding was predicated on a 

single-cell RNA sequencing study that demonstrated BORGs contained a cell population 

defined by markers of mesodermal lineage (Quadrato et al., 2017), strongly suggesting that 

the presence or absence of this population likely influences the development of microglia 

within the organoid. Ormel and colleagues were able to demonstrate that their BORGs 

inherently developed cells that expressed proteins for the myeloid transcription factor PU.1, 

the lyso-somal marker CD68, and the macrophage/microglia marker IBA1. Furthermore, the 

transcriptomic signature of oMGs was shown to resemble that of ex vivo human microglia, 

although the homeostatic microglia gene P2RY12 and the brain-specific gene TMEM119 
were expressed at much lower levels in oMGs, suggesting some in vitro environmental 

effects may not have been fully rectified (Bohlen et al., 2017; Butovsky et al., 2014). 

Additionally, iPSCs and fibroblasts were included in the bioinformatic comparisons, 

whereas iMGs and primary cultured microglia were not, suggesting that a higher-resolution 

comparison is needed to determine whether oMGs exhibit a more “in vivo-like” signature 

than other in vitro iMG models.

Comparable to the in vitro studies before them, Ormel et al. went on to functionally validate 

oMGs. As BORGs have been shown to develop functional synapses, complete with 

neurotransmitter release and recordable electrical activity (Pasca et al., 2015), determining 

whether oMGs interacted with synapses in a manner consistent with previously described in 

vivo reports was critical (Schafer et al., 2012). Therefore, super resolution microscopy was 

employed and showed what appeared to be interactions between IBA1 and PSD95 puncta. 

While the authors stopped short of clearly demonstrating postsynaptic phagocytosis, which 

has been the subject of recent debate (Weinhard et al., 2018), the data presented appears 

consistent with the microglia-mediated pruning of synapses that occurs during murine brain 

development (Schafer et al., 2012). Additionally, oMGs were isolated from BORGs and 

subjected to further functional analyses. To test the inflammatory response capabilities of 

oMGs, isolated cells were exposed to LPS for up to 72 hr and significant increases in IL6 

and TNFα were observed. Phagocytic capacity in the isolated cells via the C3-dependent 

complement pathway was also assesses by incubating the oMGs with iC3b-coated 
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microbeads, demonstrating a rate of complement-dependent phagocytosis similar to that of 

primary human microglia.

Overall, the ability to generate a surrogate human brain environment in a dish that is 

populated with human iMGs along with human neurons, astrocytes, and neural progenitors, 

either endogenously or through coculture, is an exciting prospect. Ongoing studies aimed at 

producing BORGs that show more consistent ratios of the different cell types across both 

individual organoids, experiments, and labs, may well prove to be a fertile avenue for 

discovery.

4 | TRANSPLANTATION OF IPSC-DERIVED MICROGLIA INTO THE MOUSE 

BRAIN

While organoids offer an approximation of the brain environment, the logical counterpart to 

this approach would be a model involving in vivo engraftment of human microglia into a 

fully developed mam-malian brain. Indeed, this was performed in one of the original iMG 

studies which delivered iMGs into the cortex and hippocampus of adult “MITRG” mice 

(Abud et al., 2017). The use of MITRG mice, which are deficient in T cells, B cells, and NK 

cells, but also humanized for colony stimulating factor (CSF)1, CSF2/IL3, and 

thrombopoietin, proved to be critical to the success of this application (Rongvaux et al., 

2014). Importantly, immune deficiency alone is not sufficient for the engraftment and 

survival of human microglia, and little to no human microglia survive beyond 1–2 weeks 

when transplanted into traditional immune deficient mice that lack expression of human 

versions of either CSF1 or IL34, the two ligands for the CSF1 receptor (Hasselmann et al., 

2019; Mathews et al., 2019). This finding is highly consistent with prior studies that show 

the importance of CSF1 signaling for microglia development and survival and that human 

monocytes fail to respond appropriately to murine CSF1 (Elmore et al., 2014; Erblich, Zhu, 

Etgen, Dobrenis, & Pollard, 2011; Rathinam et al., 2011; Sieff, 1987; Y. Wang et al., 2012).

Other recent studies have also used more traditional sources of hematopoietic cells, such as 

CD34+ cord blood cells, to induce microglial-like differentiation with some success 

(Capotondo et al., 2017; Mathews et al., 2019). However, cord blood cells include definitive 

hematopoietic stem cells and their downstream progenitors which differ from the yolk sac-

derived primitive progenitors that give rise to microglia during development (Ginhoux et al., 

2010). Thus, these cord blood-derived cells likely only partially recapitulate a microglia 

phenotype, perhaps better mimicking brain-infiltrating blood monocytes. In fact, these 

differences were demonstrated in another study that transplanted human blood monocytes, 

human fetal brain macrophages, and postnatal microglia into hCSF1 expressing, immune-

deficient mice (Bennett et al., 2018). While the study demonstrated evidence of microglial-

like morphology and marker expression following transplantation of each of these cell types, 

blood-derived human cells expressed the protein, MS4A7 at much higher levels than 

transplanted microglia. Furthermore, RNA-sequencing analysis of similarly derived murine 

cell transplants, revealed many additional ontogeny-dependent differences. Taken together, 

these studies demonstrate that while transplantation of definitive hematopoietic stem cells 

and peripherally-derived monocytes can result in the expression of several microglial 
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markers, the ontogeny of the transplanted cells likely continues to influence the expression 

of many key genes, regardless of transplantation into the brain.

While these initial reports opened the door to xenotransplantation as a promising new 

approach to study human microglia in vivo, key questions remained. For example, does 

transplantation of human iMGs or their progenitors into the mouse brain induce the 

expression of an in vivo-like human transcriptome and the adoption of typical in vivo 

microglial behavior? This question has become particularly important given recent findings 

from Chris Glass and colleagues demonstrating that culturing of human brain-derived 

microglia leads to a rapid change in their transcriptome (Gosselin et al., 2017). To try to 

address this important finding and provide a more comprehensive and robust model of 

microglia xenotransplantation, Hasselmann et al. (2019) generated human, iPSC-derived 

primitive hematopoietic progenitor cells (iHPCs) and transplanted them into early postnatal 

MITRG mice. This combination of primitive microglial progenitors and young mouse pup 

recipients, in which developmental signaling cascades within the central nervous system 

(CNS) are still active (Ginhoux et al., 2010; Kierdorf et al., 2013; Schulz et al., 2012), 

resulted in robust forebrain engraftment of cells that acquired typical microglial surface 

markers and morphology (Hasselmann et al., 2019) (Figure 3, xMG). More importantly, 

transcriptomic analyses of the xenotransplanted microglia (xMGs) demonstrated that, by 2 

months of age, these cells acquired an expression profile that closely resem-bled human, ex 

vivo microglia while correcting many of the transcriptomic deficits present in iMGs and 

cultured human microglia (Gosselin et al., 2017). Importantly, this chimeric approach has 

recently been validated by two other groups, demonstrating the widespread applicability and 

reproducibility of this model (Mancuso et al., 2019; Svoboda et al., 2019).

Additional functional studies by Hasselmann et al. (2019) further demonstrated that xMGs 

responded to peripheral LPS injections, by upregulating inflammatory genes such as CD45, 

SPP1, and MSR1, rapidly migrated toward the site of a laser ablation injury similarly to the 

study by Davalos et al. (2005), and reacted to repeated, mild closed-head injury (rmCHI; 

Gold et al., 2018) by phagocytosing cellular debris within the injury site (Hasselmann et al., 

2019). Importantly, this study was also able to demonstrate an application that is unique to in 

vivo models, the xMG response to endogenously developed beta-amyloid plaque pathology, 

by employing a transgenic mouse model of AD that had been backcrossed with the MITRG 

model (5X-MITRG). This functional study revealed that xMGs actively migrated toward 

amyloid plaques, formed microglial barriers similar to those observed in human patients, 

and could be observed phagocytosing Aβ. Considering the wide variety of murine disease 

models already in use, the adoption of this methodology toward other mouse models clearly 

has potential applications in many active areas of neurological research.

5 | DISEASE APPLICATIONS

In the short time since iMGs and their derivatives were first developed, they have already 

been utilized in conjunction with a wide range of disease model systems and a multitude of 

additional applications can be imagined that have yet to be demonstrated in the literature 

(Figure 4). Currently, the most prominent published studies have been performed in the 
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context of neurodegenerative diseases and models of viral infections. The following section 

will focus on the results of these studies while also discussing possible future directions.

5.1 | Neurodegenerative diseases

5.1.1 | Parkinson’s disease—One of the first applications of iMG technology to 

model human disease, examined the effects of early-onset PD mutations on microglia 

function (Haenseler, Zambon, et al., 2017). In this study, iMGs were generated from iPSC 

lines derived from familial PD patients that possessed either a triplication of the SNCA gene, 

which codes for the protein α-synuclein (α-syn), or the SNCA A53T mutation. 

Phagocytosis assays were then performed, demonstrating that iMGs could phagocytose 

either monomeric or fibrillar α-syn, but that this activity was significantly impaired 

following either endogenous overexpression of the protein, in the SCNA triplication 

mutants, or addition of monomeric α-syn to the culture medium. It was further shown that 

endocytosis of monomeric and fibrillar α-syn occurred via different mechanisms, with 

monomeric being taken up by actin-independent pathways and fibrillar being taken up via 

actin-dependent phagocytosis, providing unique molecular and genetic targets that could 

potentially be modified to enhance phagocytosis of one form of α-syn over another.

This same study also demonstrated that excess α-syn led to increased levels of the 

inflammatory cytokines, IL-18, and IL-22, and the chemokine CXCL1, although a more 

advanced activation state, marked by increased expression of TNFα, was not reported. This 

is in contrast to studies of microglia isolated from mouse models, in which a more robust 

activation state in response to α-syn has been described (Su, Federoff, & Maguire-Zeiss, 

2009; Thome, Harms, Volpicelli-Daley, & Standaert, 2016), potentially indicating that these 

activation profiles can be attributed to factors beyond the direct microglial interactions with 

α-syn. This suggests that examination of iMGs in isolation from the additional inflammatory 

factors or responsive cells present within α-syn mouse models may be capable of offering a 

more targeted view of the direct microglial response to α-syn pathology.

These findings also provide an interesting step in furthering our understanding of how 

microglia respond to and clear excess α-syn. As our knowledge of these phagocytic 

processes, and the underlying genetics, improves, researchers may be able to use this 

information to generate targeted approaches that could enhance the clearance of oligomeric 

α-syn and/or Lewy bodies and potentially slow the progression of neuronal dysfunction and 

loss in patients suffering from PD and related synucleinopathies. As the cells used in this 

study have been described as being more reminiscent of macrophages rather than microglia, 

future studies combining this method with neuronal coculture systems, or even with a more 

recently developed organoid model of PD (Smits et al., 2019), will likely provide an 

interesting and informative continuation of this line of research. Additionally, development 

of xenotransplantation-compatible α-syn mice would provide opportunities to study how 

xMGs with varying genetic backgrounds respond to α-syn pathology and its downstream 

consequences over time. Ideally, this will offer a view into the early stages of α-syn 

clearance and related inflammatory responses which should aid in identifying the most 

effective targets for therapeutically modulating these activities and potentially slowing 

disease progression.

Hasselmann and Blurton-Jones Page 10

Glia. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5.1.2 | Alzheimer’s disease—As a multitude of microglial genes have recently been 

implicated in modulating AD risk (Efthymiou & Goate, 2017; Guerreiro, Wojtas, et al., 

2013; Hansen, Hanson, & Sheng, 2018; Huang et al., 2017; Jansen et al., 2019; Jonsson et 

al., 2013; Kunkle et al., 2019; Lambert et al., 2013; Sims et al., 2017), studies that carefully 

analyze these risk genes will be critical for enhancing our understanding of AD 

pathogenesis. Therefore, it is not surprising that some of the first iMG studies examined 

functions related to AD neuropathology. For example, two studies utilized phagocytosis of 

AD-related substrates, including beta-amyloid, tau oligomers, and/or synaptosomes, as a 

means to functionally assess their iMGs and to demonstrate the applicability of this model to 

the study of this neurodegenerative disease (Abud et al., 2017; Takata et al., 2017). 

Interestingly, exposure to fibrillar beta amyloid, and to a lesser extent tau oligomers, was 

further shown to significantly alter the expression of several microglial AD risk genes, 

suggesting that at least some of these risk genes likely play a role in the microglial response 

to AD pathology (Abud et al., 2017).

More recent studies have further built upon these initial proof-of-concept experiments to 

begin to unravel the genetic underpinnings of this disease. In one elegant example, Lin et al., 

examined the effects of the APOE ε4 allele, the most significant AD risk gene (Farrer et al., 

1997; Harold et al., 2009; Lambert et al., 2009), on the transcriptome and function of human 

microglia (Lin et al., 2018). Using CRISPR/Cas9 genome editing, an APOE3/3 iPSC line 

was modified to generate an isogenic APOE4/4 line. This alteration was shown to 

dysregulate over 1,000 genes while inhibiting the in vitro uptake of Aβ1–42 oligomers. These 

iMGs were then cocultured with BORGs, generated from APP overexpressing iPSCs, which, 

by 2 months of age, have been shown to exhibit diffuse amyloid pathology (Raja et al., 

2016). Following 1 month of engraftment, APOE3/3 oMGs demonstrated an ability to 

significantly reduce the amount of amyloid within the BORG, while APOE4/4 oMGs were 

unable to perform the same degree of phagocytosis, mirroring the monoculture deficits. 

Finally, CRISPR/Cas9 was used to convert an APOE4/4 expressing iPSC line, generated 

from an AD-affected individual, to the APOE3/3 genotype, which in turn rectified the 

previously observed phagocytic deficit.

This important study was followed by experiments that examined another critical AD risk 

gene, triggering receptor expressed on myeloid cells-2 (TREM2) (Claes et al., 2019; 

Guerreiro, Bilgic, et al., 2013; Jonsson et al., 2013; Xiang et al., 2018). In one study by 

Xiang et al., mice possessing a heterozygous TREM2 R47H mutation, which, in humans, 

has been shown to confer almost the same level of risk as a single APOE ε4 allele 

(Guerreiro, Bilgic, et al., 2013; Jonsson et al., 2013), were shown to display altered splicing 

of the TREM2 mRNA transcript as well as a significant decreases in TREM2 mRNA and 

protein expression (Xiang et al., 2018). However, iMGs containing identical mutations to the 

human form of the TREM2 gene did not display reduced TREM2 expression or altered 

mRNA splicing patterns, highlighting the critical importance of using human models to 

study disease risk genes in order to enhance the translatability of results. Adding further 

support to this finding, Claes et al. (2019) demonstrated that, while iMGs possessing either a 

heterozygous or homozygous TREM2 deletion displayed phagocytic deficits, heterozygous 

R47H iMGs did not. This held true for both E. coli fragments, representing a general 
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inflammatory substrate, as well as human amyloid plaques present in an in situ slice culture 

paradigm. Overall, these data lend further support to the importance of studying not only 

knockout models, but also human iMG models that faithfully recapitulate disease relevant 

mutations.

While these studies suggest that the R47H mutation may not induce obvious deficits to 

iMGs in vitro, a recent in vivo xMG study demonstrated that the TREM2 R47H mutation 

does indeed result in functional deficits. To demonstrate this, 5X-MITRG were transplanted 

with homozygous R47H iHPCs at P1 and subsequently aged for 9 months, resulting in 

robust amyloid pathology within the murine brain. While TREM2 protein expression was 

not shown to be reduced in these cells, there was a significant deficit in xMG migration 

toward amyloid plaques, although the overall plaque load did not appear to be altered 

(Hasselmann et al., 2019). This study went on to also describe the cellular and 

transcriptomic response of WT xMGs to amyloid pathology via single-cell RNA sequencing. 

This analysis revealed a transcriptomic expression pattern made up of hundreds of 

differentially expressed genes that were unique to the human xMGs, when compared to 

previously reported responses of endogenous mouse microglia (Kamphuis, Kooijman, 

Schetters, Orre, & Hol, 2016; Keren-Shaul et al., 2017; Krasemann et al., 2017; Yin et al., 

2017). Additionally, two of the genes which have been implicated in AD, HLA-DRB1, and 

LGALS3 (Boza-Serrano et al., 2019; Lambert et al., 2013; Lu et al., 2017), were 

histologically validated in both xMGs and AD patient tissue, further confirming the validity 

of this approach. As a whole, these results further demonstrate the utility of the iMG toolset 

for the examination of AD and suggest that the study of AD-relevant risk genes in the 

human context is critical for understanding the underlying mechanisms that drive human 

disease while also being more accessible than ever.

5.1.3 | Nasu–Hakola disease—While heterozygous TREM2 mutations have been 

linked to increased risk of AD, homozygous missense mutations in TREM2 or its binding 

partner TYRO protein tyrosine kinase binding protein (TYROBP), otherwise known as 

DNAX-activation protein 12 (DAP12), can result in Nasu-Hakola disease (NHD; Paloneva, 

Autti, Hakola, & Haltia, 1993). This disease initially presents with peripheral symptoms 

including bone cysts, but significant CNS symptoms are also present and characterized by 

widespread neurodegeneration and presenile dementia, beginning as early as the fourth 

decade of life (Paloneva et al., 1993).

Recently, two studies took up the challenge of elucidating the role of human microglia in 

this devastating disease by comparing iMGs generated from NHD patients that were 

homozygous for either the T66M or W50C mutations to iMGs generated from unaffected 

subjects carrying heterozygous nonpenetrant mutations or WT forms of TREM2 (Brownjohn 

et al., 2018; Garcia-Reitboeck et al., 2018). In both studies, there was a distinct loss of 

TREM2 localization to the cell membrane in the T66M and W50C mutants, while the 

heterozygous mutants did not display the same deficit. Furthermore, the c-terminal fragment 

(CTF) of TREM2, a peptide that is generated upon cleavage of membrane-bound TREM2 

into soluble TREM2 (sTREM2), was decreased in a gene dose-dependent manner. This 

finding suggests that in addition to the loss of membrane expression, these NHD mutations 
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also produce a deficiency in sTREM2 levels, a finding that correlates well with a previous 

report that examined sTRME2 levels within the CSF of NHD patients (Piccio et al., 2016).

Each of these studies went on to further test the functionality of iMGs by examining their 

response to a variety of substrates. In both cases, there was no observed differences in the 

inflammatory cytokine response to LPS, with all genotypes responding in a seemingly 

appropriate manner. There were also no differences observed in the rate of phagocytosis of 

E. coli or zymosan particles, suggesting that signaling through WT TREM2 is not required 

for the maintenance of these specific responses. However, exposure to two substrates that are 

thought to be more specific to TREM2 binding, acetylated low-density lipoprotein (AcLDL) 

and phosphatidylserine, which is flipped to the outer leaflet of the membrane in apoptotic 

cells, demonstrated substrate-specific deficits in phagocytosis. While phagocytosis of 

AcLDL was only slightly reduced in the homozygous mutants, phagocytosis of apoptotic 

cells showed significant decreases, in a gene-dose dependent manner, suggesting that these 

mutations may have a direct effect on proper debris clearance within the CNS. Furthermore, 

Garcia-Reitboeck and colleagues went on to show that not only does the T66M mutation 

negatively affect phagocytosis of apoptotic cells, it also induces a clear migratory deficit 

toward apoptotic cells, suggesting a two-fold deficiency in response to cellular debris. This 

study also demonstrated that homozygous TREM2 mutants display a significant increase in 

cell death when M-CSF was removed from the culture medium for 72 hr, which may suggest 

that mutant cells will have impaired survival under stressful conditions encountered in an 

inflammatory disease such as NHD.

It is important to note, however, that these two studies did not agree on all points. While 

Garcia-Reitboeck et al. showed a dose-dependent decrease in both mature and immature 

TREM2 protein, Brownjohn et al. reported that, while the mature protein decreased, this was 

balanced by an increase in immature protein. Additionally, the decreased protein levels that 

were observed by Garcia-Reitboeck were further supported by significant reductions in 

TREM2 mRNA, whereas this aspect of TREM2 expression was not discussed by 

Brownjohn. Localization of the TREM2 protein also presented another discrepancy between 

the two studies. Brownjohn showed that, while homozygous mutants were deficient in 

membrane localization of TREM2, there was still robust intracellular staining, indicative of 

a deficit in protein trafficking to the membrane. However, Garcia-Reitboeck showed that not 

only was membrane localization lost in homozygous mutants, but there was also minimal 

intracellular staining, suggesting that there was an underlying deficit in protein production, 

consistent with their observed reduction in TREM2 mRNA.

As such, determining if the observed phenotypes are generated due only to reduced 

membrane trafficking or due to dysfunctions in transcription will be critical in developing a 

better understanding or the nature of these mutations. Furthermore, future studies examining 

how these deficits manifest when mutant iMGs are maintained in a more complex 

environment such as brain organoids or chimeric models, will be crucial to better 

understanding the phagocytic and viability deficiencies induced by these mutations within 

the context of CNS disease and disfunction. Finally, as NHD is a relatively rare disease, and 

patient cells lines are not as abundant as heterozygous lines, this is a perfect opportunity to 

leverage the iPSC origin of these cells by utilizing CRISPR/Cas9 gene editing to generate 
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additional experimental cell lines and compare these lines to AD-associated TREM2 
mutations in an effort to better understand the similarities and differences between both of 

these devastating diseases.

5.2 | CNS viral infection

iMG methods have also recently shown promise for investigating viral infections, especially 

those that are known to infect human immune cells with subsequent neural symptoms. In 

particular, researchers have begun to leverage iMGs in experimental applications aimed at 

studying both human immunodeficiency virus (HIV) and Zika virus (ZIKV).

5.2.1 | Human immunodeficiency virus—While the processes surrounding HIV-1 

infection have been well studied in the context of the peripheral immune system (Swanstrom 

& Coffin, 2012), invasion and infection in the CNS has been much more difficult to properly 

model, as the virus specifically infects human, but not murine immune cells. As microglia 

are the prominent resident immune cell type within the brain, iMG technologies represent a 

new approach that is beginning to advance research on HIV infection of the CNS. With the 

advent and widespread application of combined antiretroviral therapy, HIV/AIDS has 

become a far more treatable, albeit long-lasting chronic disease. However, growing evidence 

suggests that these effective treatments have in turn led to an increasing prevalence of HIV-

associated neurocognitive disorders (HANDs) with as many as 30% of HIV patients 

exhibiting cognitive impairments (Portilla et al., 2019). Even in patients that do not exhibit 

cognitive impairment, recent studies have detected significant HIV-associated brain atrophy 

(Nir et al., 2019). One likely explanation for this finding is that antiretroviral therapies have 

limited brain penetrance, allowing microglia to serve as a reservoir for HIV infection within 

the brain (Ko et al., 2019). Interestingly, this line of research also ties into the above 

discussed role of TREM2 in AD, as HAND patients on antiretroviral therapy exhibit 

alterations in both TREM2 and beta-amyloid levels (Fields et al., 2018).

Yet until recently, studying the dynamics of HIV infection within the CNS have been 

extremely challenging because of the species selectivity of the virus. However, one study 

recently harnessed the promise of chimeric models, demonstrating that injection of CD34+ 

cord blood cells into the liver of irradiated, immune-deficient, humanized IL34 mice led to 

differentiation into perivascular macrophages and microglia-like cells (Mathews et al., 

2019). This model subsequently allowed for the successful infection of these human cells 

with HIV following an intraperitoneal injection of the virus (Mathews et al., 2019). 

Transcriptomic analysis of the infected microglia further demonstrated several upregulated 

transcriptomic programs related to viral defense and pattern recognition, in the form of 

interferon response genes and toll-like receptors, while also revealing a significant increase 

in transcripts aligning to the HIV-1 genes gag, nef, and env, demonstrating robust viral 

replication within the human microglia. These results indicate that this approach has the 

potential to serve as a promising new model of neural HIV infection that could be used to 

research methods of clearing HIV from this understudied CNS viral reservoir.

However, it is important to discuss some caveats to this approach. Notably, the microglial 

engraftment was derived from intrahepatic transplantation of CD34+ hematopoietic stem 

Hasselmann and Blurton-Jones Page 14

Glia. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



progenitor cells (HSPCs), isolated from human cord blood, rather than 

intracerebroventricular transplantation of iHPCs. As discussed in Section 4 of this review, 

this approach has been shown to result in engrafted cells that do not completely recapitulate 

microglia (Capotondo et al., 2017). Furthermore, acquisition of cord blood to isolate the 

HSPCs requires access to human tissue which is not a simple process for many laboratories. 

Additionally, while the use of intrahepatic transplantation resulted in the engraftment of 

many peripheral immune cells, including CD3, CD4, and CD8 T cells, CD19 B cells, and 

CD14/CD16 monocytes, brain engraftment was dependent on irradiation of the mouse pups 

prior to transplantation (Mathews et al., 2019). Success of this approach suggests that the 

CNS-engrafted cells were derived from peripheral monocytes which gained access to the 

CNS due to damage to the blood brain barrier (BBB) that occurs following irradiation. This 

damage is concerning as it confounds the researcher’s ability to clearly identify the route of 

HIV infection in the CNS. Since HIV is known to infect peripheral immune cells 

(Swanstrom & Coffin, 2012) and the damage to the BBB could allow these cells to enter the 

CNS, it is possible that the infection of the engrafted “microglia” did not occur via a 

mechanism that is consistent with the human condition. While this by no means precludes 

the study of the effects of HIV infection in the CNS, it does present an important confound 

for studies aimed at treating or preventing the propagation of infection within the CNS. As 

Mathews et al. did not present any data examining whether additional peripheral immune 

cells were also present in the CNS, further studies may be needed to determine whether the 

route of infection resembles that of human patients. However, this could also be addressed 

with further adaptation of the Mathews model to incorporate transplantation of iHPCs 

directly into the brain. This would be a useful approach that would eliminate the need for 

cord blood collections and radiation while also reducing confounding variables related to 

ontogeny-dependent deficiencies and peripheral cell effects on the xMGs. Yet, this too 

comes with important caveats such as the lack of peripheral T cells inherent in the use of 

immune-deficient mice. Nevertheless, it is reasonable to expect that studies will continue to 

use and improve upon these methods to further investigate the role of microglia in HIV.

5.2.2 | Zika virus—ZIKV is a member of the Flaviviridae family that also includes 

Dengue and West Nile viruses and can be transmitted to humans by mosquitos. ZIKV was 

initially described in 1947 but human cases were rare, with only 13 cases of mild symptoms, 

including a fever, aches, and rash, being reported between its discovery and 2007. However, 

from 2007 to 2016 a series of outbreaks that spread through multiple Pacific Island nations, 

both South and North America, and southeast Asia saw that number grow into the millions 

(Petersen, Jamieson, Powers, & Honein, 2016). As the number of cases grew, so did our 

understanding of a set of more serious effects related to ZIKV, including a subset of patients 

that developed transient paralytic symptoms resembling Guillain-Barré syndrome as well as 

apparent transmission from mother to fetus, causing fetal brain abnormalities that resulted in 

microcephaly, preterm birth, and death (Uncini, Shahrizaila, & Kuwabara, 2017). While the 

number of annual cases has been dramat-ically reduced since the peak of the outbreaks, we 

still understand little about how this disease is spread throughout the CNS or which cells 

serve as the viral reservoir within the body, both of which are questions that need to be 

answered in order to develop an effective treatment for the infection.
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However, two studies have recently adapted iMG protocols to study the transmission of 

ZIKV between microglia and developing neurons in an attempt to address this question 

(Mesci et al., 2018; Muffat et al., 2016). In these studies, iMGs were found to be susceptible 

to ZIKV infection, but, while the virus was cytotoxic to iPSC-derived neurons, the iMGs 

were able to survive the infection. Interestingly, infected iMGs were also found to induce a 

limited interferon defense in response to ZIKV, resulting in a diminished capacity to clear 

the infection (Muffat et al., 2016), although this response seems to vary depending on the 

viral strain (Mesci et al., 2018). Infected iMGs were then cocultured with iPSC-derived 

neural progenitor cells (NPCs) or BORGs and, in both cases, the iMGs were capable of 

transferring the ZIKV infection into the NPCs or neurons of the BORG which induced 

neuronal apoptosis (Mesci et al., 2018) or a reduction in the size of the BORGs, a phenotype 

resembling microcephaly (Muffat et al., 2016). Interestingly, it was also shown that 

treatment with Sofosbuvir, an FDA approved drug for Hepatitis C infection, may be capable 

of reducing ZIKV transmission and cell death in NPCs (Mesci et al., 2018). While studies of 

ZIKV that utilize human microglia models are in their infancy, these initial reports suggest 

that iMG, oMG, and perhaps even xMG models will continue to inform and advance our 

understanding of this virus and its effect on the developing CNS.

6 | BENEFITS AND LIMITATIONS

While each of the models discussed in this review have proven to be useful in multiple 

avenues of research, there are, of course, both advantages and limitations to each approach 

(Table 1) that should be carefully considered. The following section will briefly discuss 

potential pros and cons of each model, with the purpose of highlighting how the appropriate 

integration of these techniques into a comprehensive system may help to alleviate the 

deficiencies present in any single approach.

6.1 | In vitro iMGs

One of the key benefits to generating microglia from iPSCs is the exponential increase in 

cell number that can be achieved when compared to the traditional method of isolating 

microglia from human brain tissue. In general, over 100 million iMGs can be generated from 

a starting population of just 1 million iPSCs (McQuade et al., 2018). This improvement 

allows researchers to perform high throughput experiments that can be well controlled, as 

the increased cell yield means multiple control groups and technical replicates can be run. 

Furthermore, the ability to generate iMGs from any iPSC cell line means that increasing the 

number of biological replicates only requires differentiations of additional iPSC lines rather 

than acquiring brain tissue from multiple patients. Overall, these benefits underscore the 

potential of iMG modeling.

However, these important gains are not without drawbacks. Studies focused on the 

transcriptional deficits induced in primary human or mouse microglia upon maintenance 

outside of the brain environment have demonstrated rapid and significant changes to 

microglial gene expression (Bohlen et al., 2017; Gosselin et al., 2017) and many of these 

deficits are also observed in iMGs, such as limited expression of TMEM119 and SALL1. 

While many of these transcriptional deficiencies were shown to be corrected upon 
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transplantation into the murine brain (Hasselmann et al., 2019), suggesting that iMGs 

possess the same transcriptomic potential as primary human microglia, the downstream 

effects of the altered gene expression profiles are not fully understood. This means that, 

whenever possible, in vitro results should be validated in a more complex model or human 

tissue.

Despite the transcriptomic alterations that occur in cultured microglia, we would be remiss 

not to discuss the fact that this may be a correctable problem and studies have already 

identified factors that can ameliorate some aspects of this deficiency. For example, some of 

the “activating” effects of the in vitro environment can be tempered upon the addition of 

TGFβ to the culture medium (Abud et al., 2017), as signaling through the TGFβ receptor 

has been shown to be critical for maintaining in vivo microglia in a homeostatic state 

(Butovsky et al., 2014). Additionally, Ben Barres’ group demonstrated that the removal of 

bovine serum and the addition of cholesterol to cultures of murine microglia aided in 

restoring the expression of the brain-specific microglia gene TMEM119 while reducing the 

“activated” signature (Bohlen et al., 2017). Furthermore, Abud et al. added CD200 and 

CX3CL1 to the culture medium in order to further mature their iMGs. This was predicated 

on studies that demonstrated that these markers aid in maintaining microglia in a resting 

state (Cardona et al., 2006; Hoek et al., 2000; Kierdorf & Prinz, 2013). However, it is 

possible that complete microglia maturation also requires additional factors or physical 

interactions with neurons and/or other CNS cell types. Indeed, coculturing of iMGs with 

neurons and astrocytes was capable of inducing significant alterations in both iMG 

morphology and transcriptomic profile (Abud et al., 2017; Haenseler, Sansom, et al., 2017; 

Muffat et al., 2016; Pandya et al., 2017; Takata et al., 2017). As a whole, these findings 

suggest that by continuing to identify the brain-specific factors that drive the microglia 

lineage, it may be possible to improve our modeling of in vivo phenotypes in a cell culture 

environment. Continued improvement in this area has the potential to greatly reduce both the 

cost and time requirements of microglia research.

In addition to the transcriptomic irregularities that occur in iMG monoculture experiments, 

the absence of the other CNS cells types is also a problem in and of itself. As endogenous 

microglia do not exist in isolation, it is difficult to determine whether iMG functionality in a 

dish is directly applicable to microglia function in the brain. While experiments focused on 

examining in vitro iMG functions such as migration, phagocytosis, and inflammatory 

responses represent straightforward and high-throughput paradigms that are easy to 

interpret, they neglect the reality of the brain environment in which microglia interact with 

neurons, astrocytes, oligodendrocytes, endothelial cells, and infiltrating peripheral immune 

cells. Growing evidence has demonstrated the considerable interplay between microglia and 

astrocyte signaling (Liddelow et al., 2017) and likewise the neuronal regulation of microglia 

activation state is well-established (Marinelli, Basilico, Marrone, & Ragozzino, 2019; 

Sheridan & Murphy, 2013). More recently, interactions between vascular endothelial cells 

and microglia have been implicated in aging, AD, and stroke (Dudvarski Stankovic, 

Teodorczyk, Ploen, Zipp, & Schmidt, 2016; Merlini et al., 2019; Yousef et al., 2019). Thus, 

monoculture experiments likely provide only an initial, albeit highly quantitative, assessment 

of microglial function. The additional application of coculture methods that combine iMGs 
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with iPSC-neurons, astrocytes, endothelial cells, or other cell types will thus likely provide 

important additional information.

6.2 | In situ oMGs

As an in vitro model, oMGs afford the experimenter similar benefits to iMGs in that 

experiments can be designed that can often be completed more rapidly than in vivo 

experiments while offering a substantial amount of experimental control. However, one of 

the greatest benefits of oMGs is the fact that one can model the complex interactions 

between human microglia and human forms of all the core cell types of the CNS within a 

three-dimensional environment. To add to this, oMGs and the cells making up the rest of the 

organoid can be generated from the same cell line and thus contain the same genetic 

background, which is not a benefit that is afforded with xMG applications. Furthermore, one 

does not need to be concerned with side-by-side engraftment of murine microglia which 

could provide compensatory or detrimental signaling, especially in the case of studies 

focused on genetic mutations. Overall, these characteristics of organoid research allows for 

increased control over some of the extrinsic factors that may affect microglial function.

However, certain considerations need to be taken into account before deciding which 

experimental paradigms are best addressed using oMGs. First, it has been noted that 

BORGs, and presumably oMGs within the BORGs, express a transcriptome more closely 

resembling that of the fetal brain (Camp et al., 2015), which presents both benefits and 

disadvantages. While this makes the model well suited for the study of neurodevelopmental 

disorders, such as autism (Mariani et al., 2015; P. Wang et al., 2017), schizophrenia (Ye et 

al., 2017), or ZIKA transmission (Muffat et al., 2018), it also presents problems when 

attempting to utilize BORGs and oMGs to study diseases that require a more mature brain 

environment, such as PD or AD. Ormel et al. (2018) also demonstrated that oMGs display a 

diminished expression levels of the key microglia genes P2RY12 and TMEM119, further 

suggesting that these cells have not completely obtained a mature, homeostatic signature. 

However, this does not mean that oMGs are entirely inappropriate for studying diseases of 

the developing brain, as it has been shown that the transcriptome may begin to mature as 

BORGs are aged (Pasca et al., 2015; Quadrato et al., 2017).

There is also a significant concern regarding the quantitative nature of BORG-based 

experiments. As the generation of BORGs is typically performed in a self-organizing 

manner, without the aid of external patterning cues, BORGs tend to lack a consistent 

structure and cellular makeup (Kadoshima et al., 2013; Lancaster et al., 2013; Quadrato et 

al., 2017). Furthermore, while BORGs from the same bioreactor appear transcriptionally 

similar, significant batch effects are introduced when comparing BORGs across bioreactors, 

even if they were generated during the same initial differentiation (Quadrato et al., 2017). 

Recent modifications to the protocol and application of bioengineering techniques have been 

shown to ameliorate this to an extent (Velasco et al., 2019), although this requires additional 

expertise and the presence of endogenous microglia has not yet been investigated in these 

newer models.

BORGs also lack vascularization and, since nutrient and oxygen distribution are dependent 

on diffusion through the tissue, the central mass of larger BORGs has a tendency to become 
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necrotic as the tissue is aged (Kelava & Lancaster, 2016). As microglia are known to 

robustly respond to both hypoxic conditions and cell death (Davalos et al., 2005; Fumagalli, 

Perego, Pischiutta, Zanier, & De Simoni, 2015; Nimmerjahn et al., 2005; Sierra et al., 2016), 

the presence of a necrotic core is a serious confound for many oMG experiments. One 

attempt at rectifying these issues involves the xenotransplantation of BORGs into the 

immunodeficient mouse brain (Daviaud, Friedel, & Zou, 2018; Mansour et al., 2018). This 

approach resulted in BORGs that became vascularized, did not develop central necrosis, and 

proceeded to grow in size following transplantation. While it was shown that host murine 

microglia invaded the transplanted BORGs, these BORGs were not shown to possess 

endogenous human microglia prior to transplantation. Further studies examining the 

transplantation of BORGs containing oMGs and whether this would diminish the infiltration 

of murine microglia may elucidate a valuable method for combining the oMG and xMG 

paradigms.

6.3 | In vivo xMGs

The greatest strength of the xMG approach is the ability to perform in vivo studies of 

patient-derived microglia in an intact disease model. This allows for the preservation of a 

disease-relevant polygenic profile paired with the ability of the microglia to age within the 

context of an intact brain environment. Furthermore, this approach exposes the transplanted 

microglia to a gradual and chronic disease course, which likely better recapitulates the 

human condition. As an additional benefit, transplantation has been shown to induce a 

transcriptomic signature that is highly reminiscent of in vivo human microglia and, perhaps, 

slightly more homeostatic than microglia isolated from disease-affected brain tissue samples 

(Hasselmann et al., 2019). This suggests that the results acquired from studies utilizing 

xMGs have improved odds of remaining relevant upon translation into human treatments.

However, while generating xMGs from a variety of patient iPSC lines represents a fairly 

straightforward procedure, there are currently very limited murine disease models that are 

compatible with xMG transplantation. While the use of MITRG, humanized-CSF1 (Jax # 

017708), or humanized IL34 mice offers an appropriate environment to study homeostatic 

function, aging, cancer, viral infections, or acute injuries such as traumatic brain injury or 

stroke, these models do not provide an environment useful for the study of many 

neurodegenerative disorders. Indeed, only one transplant-compatible transgenic disease 

model has thus far been published, the 5X-MITRG, and development of that mouse was a 

substantial undertaking that required restoration of five genes to homozygosity and the 

incorporation of two additional disease-related human genes (Hasselmann et al., 2019). 

Therefore, a significant investment into the development of transplant-compatible murine 

disease models is required before the full power of this technique can be harnessed.

Even with increased availability of transplant-compatible mouse models, there are still 

concerns regarding the effects of the murine host cells on xMG functionality. One significant 

issue is that the host brain tissue possesses a different genome than that of the xMGs. As it 

has been demonstrated that a number of murine proteins possess limited homology with 

their human counterparts, the effects that these discrepancies have on cell-cell interactions 

and the activation or inhibition of microglia signaling cascades are currently unknown. 
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Additionally, the presence of host murine microglia serves as another confounding variable. 

Although the forebrain regions where engraftment of xMGs was targeted routinely displayed 

~80% engraftment of human microglia (Hasselmann et al., 2019), this was not consistent 

throughout the brain, as the midbrain and hindbrain exhibited far more limited engraftment. 

This caveat becomes especially relevant in the context of studying genetic mutations, as host 

murine microglia that do not possess the mutation may confound observations by exerting 

beneficial effects on pathology or xMGs and altering the overall inflammatory landscape of 

the brain. Therefore, generation of reliable experimental results may well be dependent on 

models that utilize chemical ablation of murine microglia prior to transplant (Elmore et al., 

2014) or the use of a recently developed mouse model that lacks endogenous microglia 

(Rojo et al., 2019).

Additionally, the effects of host age on xMG phenotype has yet to be fully examined. 

Indeed, Hasselmann et al. showed that xMGs isolated from 2 to 6 months old mice appeared 

to cluster closest with the three youngest ex vivo human microglia samples (mean age 16.5 

months), potentially suggesting a transcriptomic signature reminiscent of young microglia. 

However, subsequent activation of xMGs with LPS seemed drive expression of some of the 

deficient genes closer to the expression levels associated with microglia isolated from older 

patients. This raised the possibility that rather than presenting with an immature 

transcriptomic signature, xMGs isolated from healthy mouse brains presented with a “less-

activated” phenotype than microglia that have spent 5–17 years in a diseased human brain. A 

study directly examining these two possibilities is required to more clearly elucidate the 

effects of aging on xMG maturation.

6.4 | Characteristics shared across protocols

It is important to note that there are also drawbacks and benefits that apply to every one of 

the aforementioned methods. As all three of the discussed techniques involve cells derived 

from iPSCs, appropriate applications will always need to take into account sources of 

variation that are intrinsic to iPSC culture such as variation between clonal lines, the 

potential for karyotypic instability, and batch-dependent variation in differentiation. 

However, these variables can be greatly diminished through proper quality control and 

experimental design. Yet, there remain other important limitations shared across iMG, oMG, 

and xMG models such as the current inability to study the interactions between microglia 

and peripheral immune cells. While this could be crudely addressed in vitro by obtaining 

and coculturing human peripheral immune cells from the same patients that donated the 

iPSC cell lines, it is a complex process that may or may not yield physiologically relevant 

results. One potential solution to this problem would involve developing a method that 

allows for the generation of microglia and peripheral immune cells, or their progenitors, 

from the same cell line followed by engraftment of these cells into the relevant 

compartments of the same organism. The paradigms presented in Rongvaux et al. and 

Mathews et al. both reported the presence of peripheral immune cells following engraftment 

of HSPCs (Mathews et al., 2019; Rongvaux et al., 2014) suggesting that this idea is not so 

far-fetched. Further development of such a model would provide unprecedented 

opportunities to investigate the critical and understudied interactions between peripheral and 

central human immune cells.
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A key benefit that relates to all three of these models is the fact that each of these cell types 

(iMGs, oMGs, and xMGs) are derived from iPSCs, meaning that the application of gene 

editing technologies, such as CRISPR/Cas9, is relatively straightforward. This capability 

means that researchers can obtain cell lines from either healthy control patients or disease-

affected patients and directly target genes for genetic modification. This allows for the 

observation of the effects of a single genetic mutation in isolation or in conjunction with a 

relevant polygenic background. Furthermore, generation of such cell lines con-currently 

develops isogenic control lines, in which only the targeted gene differs. The incorporation of 

isogenic controls into experimental designs using iPSC-derived cells has been shown to be 

critical for the accurate interpretation of complex cellular responses by reducing variation 

between the experimental and control lines thereby increasing the experimenter ability to 

claim that the observed response was due to the mutation rather than background genetic 

variability (Engle, Blaha, & Kleiman, 2018). It is therefore reasonable to hope that 

continued progress in this direction will further uncover the influence of specific genes on 

microglial function and disease risk, leading perhaps to eventual applications in the 

development of individualized disease treatments.

Another important limitation is that there remain gaps in the field’s knowledge regarding 

precisely how we should define homeostatic human microglia. While current studies have 

utilized a variety of primary and ex vivo microglia as references to validate the 

transcriptomic signatures of iPSC-derived cells, there remain some concerns regarding these 

references. In the case of primary microglia, it has been clearly demonstrated that human 

and murine microglia that are maintained in vitro rapidly undergo transcriptomic changes 

when removed from the brain environment, exhibiting a diminished expression of many 

brain-specific genes while subsequently upregulating a genetic signature resembling an 

activated state (Bohlen et al., 2017; Butovsky et al., 2014; Gosselin et al., 2017). 

Furthermore, there is the overarching concern that microglia collected from human patients 

having originated from resections of diseased or postmortem tissue may not accurately 

represent a homeostatic human state. It is therefore important to consider these potential 

limitations when interpreting experiments and further reiterate the importance of validating 

novel findings in human tissue and other systems whenever possible.

7 | CONCLUSION

Each technological advancement in the field of microglia research has yielded substantial 

increases in our understanding of these cells. We are currently in another period of 

technological growth and the tools at the disposal of today’s researchers are more bountiful 

than ever. With the recent development of robust methods to study iMGs, oMGs, and xMGs, 

researchers now have additional techniques that can be utilized to test new hypotheses or 

further validate and expand findings from murine or immortalized microglial models.

As we have highlighted in this review, there are a multitude of protocols in use and, 

depending on the study, there may be subtle differences introduced that could provide 

varying relevance to the human condition. However, we are currently in a state of flux as this 

relatively young set of protocols are being rapidly applied, independently reproduced, and 

improved upon. As such, it is important to begin considering not just which protocols to use, 
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but how to combine initial high-throughput in vitro experiments with appropriate in situ or 

in vivo validation of promising findings in more complex models. Development and use of 

paradigms that utilize this time-tested approach of advancing promising in vitro findings 

onto more complex in vivo studies of human microglia, will likely produce more 

translational results.
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FIGURE 1. 
Homology between human and mouse proteins associated with Alzheimer’s disease risk. 

Human amino acid sequences for genes associated with Alzheimer’s disease GWAS-

identified risk loci were compared to the homologous mouse proteins using NCBI’s 

Homologene database. Genes in red are either highly or specifically expressed in microglia 

and gray boxes denote genes with no reliable orthologues in the mouse (i.e., <50% 

homology with any possible murine orthologue)
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FIGURE 2. 
In vivo and in vitro microglia ontogeny. (Top) Lineage-tracing studies in mice have shown 

that microglia follow a distinct developmental pathway in vivo. Pluripotent embryonic stem 

cells (ESCs) within the inner cell mass of the blastocyst give rise to hypoblasts which in turn 

produce the extraembryonic endoderm of the yolk-sac. Hemogenic endothelium within the 

yolk-sac then gives rise to primitive hematopoietic progenitor cells (HPCs) that can further 

differentiate into EMPs. These cells then infiltrate into the developing central nervous 

system (CNS) where maturation under homeostatic conditions results in neatly tiled 

microglia that develop complex ramifications. In contrast, pathological conditions, such as 

the development of amyloid plaques in a murine model of Alzheimer’s disease (AD), 

induces robust migratory and morphological alterations. (Bottom) iPSC-derived microglia 

protocols seek to mimic in vivo ontogeny in order to generate cells that appropriately 

recapitulate endogenous human microglia. This is accomplished by obtaining either human 

ESCs (hESCs) or reprogramming human fibroblasts (or other cells) into induced pluripotent 

stem cells (hiPSC). These pluripotent stem cells can then be further differentiated into 

CD43+ microglial progenitors that resemble in vivo HPCs/EMPs. By providing additional 

key microglial growth factors and signaling molecules including CSF-1, IL34, and TGFβ, 

that mimic the homeostatic brain environment, researchers can promote the further 

differentiation and maturation of large numbers of iPSC-derived microglia (iMGs). 

Subsequent xenotransplantation of these microglia into the murine brain induces similar 

morphology and tiling patterns as endogenous murine microglia while retaining the ability 

to respond to AD pathology. Upregulated (green arrows) and downregulated (red arrows) 

genes are relevant to the human cellular identity at each differentiation step
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FIGURE 3. 
Procedural overview and representative morphology of each iPSC-derived microglia 

technique. Microglial cells adopt unique, paradigm-dependent morphologies that increase in 

complexity with more in vivo-like conditions. (iMG) in vitro differentiation of iPSCs into 

iPSC-derived hematopoietic progenitor cells (iHPCs) and on to iMGs results in cells that 

typically assume amoeboid, unipolar, or bipolar morphologies. (oMG) Cerebral organoids 

are generated by first forming embryoid bodies from iPSCs and then further driving 

differentiation into neuroepithelium and, ultimately, self-assembly into cerebral organoids. 

Depending on the differentiation approach used, the organoids may contain endogenous 

microglia or can be cocultured with iMGs which results in iMG infiltration and engraftment. 

These microglia take on a more ramified morphology than their iMG counterparts, although 

the branching pattern remains less complex than adult human in vivo microglia. (xMG) 

iPSCs are differentiated into iHPCs, as in the iMG procedure, followed by 

intracerebroventricular transplantation into the brains of immune-deficient mice humanized 

for the CSF1 protein. Transplantation into the murine brain induces a highly ramified 

morphology, reminiscent of the complex branching patterns observed in in vivo human 

microglia
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FIGURE 4. 
Current and potential applications of the iPSC-derived microglia toolset. It is possible to pair 

each iPSC-derived microglia technique with an array of research assays used to study 

various aspects of microglia biology. While some assays may be best suited for use in 

conjunction with a specific microglial technique, most can be readily applied to all three 

microglia techniques. This flexibility supports a robust research system in which studies can 

be conducted and validated across multiple experimental paradigms depending on a 

laboratory’s expertise and capabilities
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TABLE 1

Benefits and limitations of each iPSC-derived microglia technique

Cell 
type

Benefits Limitations

iMGs High throughput Transcriptomic deficiencies related to culture environment

Enhanced experimental control Limited opportunities to study interactions with other CNS cell 
types

Easily modified via gene editing techniques Lack of peripheral immune cell interactions

oMGs Transcriptomic profiles resembling fetal brain tissue Transcriptomic profiles resembling fetal brain tissue

System allows for interactions with other CNS cell types Lack of structural organization

Matching genetic background between microglia and organoid 
tissue

High variability between batches of organoids

Easily modified via gene editing techniques Lack of peripheral immune cell interactions

xMGs xMGs age within an intact brain environment Difficult to generate appropriate host models for disease studies

Transcriptomic profile resembles that of in vivo human 
microglia

Genetic background differs from the host organism

xMGs can be transplanted into a variety of disease or injury 
models in a controlled manner

Presence of host microglia (unless ablated with CSF1R 
inhibitors or genetic methods)

Easily modified via gene editing techniques Lack of peripheral immune cell interactions
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