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Taming microglia: the promise of engineered ===

microglia in treating neurological diseases
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Abstract

Microglia, the CNS-resident immune cells, are implicated in many neurological diseases. Nearly one in six

of the world's population suffers from neurological disorders, encompassing neurodegenerative and neuroautoim-
mune diseases, most with dysregulated neuroinflammation involved. Activated microglia become phagocytotic
and secret various immune molecules, which are mediators of the brain immune microenvironment. Given their
ability to penetrate through the blood-brain barrier in the neuroinflammatory context and their close interaction
with neurons and other glial cells, microglia are potential therapeutic delivery vehicles and modulators of neuronal
activity. Re-engineering microglia to treat neurological diseases is, thus, increasingly gaining attention. By alter-

ing gene expression, re-programmed microglia can be utilized to deliver therapeutics to targeted sites and control
neuroinflammation in various neuroinflammatory diseases. This review addresses the current development in micro-
glial engineering, including genetic targeting and therapeutic modulation. Furthermore, we discuss limitations

to the genetic engineering techniques and models used to test the functionality of re-engineered microglia, includ-
ing cell culture and animal models. Finally, we will discuss future directions for the application of engineered microglia
in treating neurological diseases.
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Background

Origin and destination of microglia

Microglia are brain-resident macrophages involved in
neural development, immune responses, and cogni-
tive functions. During early embryogenesis, microglial
cell progenitors arise from the yolk sac and migrate
into the brain, where they differentiate into the micro-
glia [1]. This process is mediated/regulated by a set of
transcription and growth factors. Microglia-specific
transcription factor PU.1 is essential for microglia
development and regulation of gene expression [2], and
colony-stimulating factor-1 (CSF-1) and interleukin-34
(IL-34) bind to CSF1 receptors to regulate microglial
survival, proliferation, and differentiation [3]. Micro-
glia are localised across all brain regions and exhibit
transcriptional heterogeneity, as revealed by numerous
single-cell studies [4—6]. In recent years, microglia have
attracted growing attention due to their active partici-
pation in different neuropathological contexts.

Physiological roles of microglia

The understanding of microglia’s functions is still evolv-
ing. Primarily underestimated, they were merely consid-
ered structural supporters (“glia” means “glue” in Greek)
and debris-engulfing phagocytes for the central nervous
system (CNS). Characteristically consisting of a soma
projecting elongated ramified processes, they alter phe-
notypes (ramified or amoeboid/reactive) to tune motility
and functions [7].

The discovery of major histocompatibility complex
(MHC)-II on microglia unravelled their role in CNS
immunity as the major CNS-resident immune cells [8]. In
response to axonal injuries, activated microglia remove
myelin debris, followed by necroptosis of pro-inflamma-
tory microglia and repopulation of anti-inflammatory
microglia, to promote remyelination by oligodendro-
cytes [9]. Being professional phagocytes, they phagocy-
tose misfolded proteins, pathogens, and apoptotic cells,
usually following rapid proinflammatory responses. This
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maintains the homeostatic state of the brain by prevent-
ing autoimmune neuroinflammation and minimising
unnecessary damage to the brain [10]. For example, the
phagocytosis of apoptotic cytotoxic T lymphocytes helps
terminate the inflammatory response [11].

Besides homeostasis maintenance mediated by
immune responses, they are involved in brain develop-
ment and cognitive functions. Synaptic pruning, enabled
by microglial phagocytosis, stresses the intimate neu-
ron—microglia interaction during brain development and
in mature CNS, in the form of a “quad-partite” synapse
[12, 13]. Amazingly, they are involved in higher cognitive
functions, including learning and memory: microglia can
eliminate synapses, in a complement-dependent way, to
mediate forgetting [14]; dynamically surveying and mod-
ulating plastic plasticity, they might reshape neuronal
circuits related to different brain functions [15]. With
increasing attention on microglia, more discoveries on
their functions are ongoing.

Dysfunctional microglia in the diseased brain
Microglia out of homeostasis will lead to a wide range of
neurological diseases. Constitutively activated microglia
secrete pro-inflammatory cytokines (e.g., IL-1 8, IL-6,
TNF-a) that trigger infiltration of peripheral immune
cells, e.g., T cells and monocytes, that exacerbate neu-
ronal cell death [16-19]. Chronic neuroinflammation
creates an ROS-laden microenvironment that discour-
ages regeneration, and it has been implicated in many
neurodegenerative diseases [20]. For example, Alzhei-
mer’s disease (AD) is characterised by the neurotoxic
accumulation of intracellular neurofibrillary tau-tangles
and extracellular A-beta plaques. These misfolded pro-
tein aggregates activate microglial immune responses by
their pattern recognition receptors, e.g., toll-like recep-
tors coupled with coreceptors CD14 and CD36, and
TREM2, triggering receptors expressed on myeloid cells
[21]. Considered drivers of tau pathology, reactive micro-
glia help spread abnormal tau to more brain regions,
resulting in progressive neurodegeneration contributing
to memory loss in AD [22]. Besides this indirect damage
to neurons, over-reactive microglia actively demyelinate
neuronal axons and inhibit the functions of myelin-pro-
ducing oligodendrocytes in multiple sclerosis [23]. Not
only genetic factors, external stressors, such as unhealthy
habits and overconsumption of drugs/alcohol, can lead to
the over-activation of microglia in the brain, implicated
in a wide range of neuropsychiatric diseases [24, 25].
To conclude, over-reactive microglia can cause a series
of undesirable consequences, and so do under-reactive
microglia.

Underperforming microglia facilitate the progression
of glioblastoma (GB), a malignant brain tumour with an
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immunosuppressive tumour microenvironment [26]. GB-
associated microglia (GAM) demonstrate a pro-tumour
phenotype, following the uptake of extracellular vesi-
cles released by GB cells [27]. GAMs are less capable of
detecting tumour cells, and they release anti-inflamma-
tory mediators and transforming growth factors that sup-
port tumour growth and invasion, which might severely
hamper brain functions [28, 29]. Therefore, the homeo-
stasis of microglia activation is important for health and
diseases in the brain.

Maintaining the homeostasis of microglia is key to
brain health. Restoring the disrupted homeostasis in the
microglia might treat neurological diseases with dys-
functional microglia underlying. This article reviews how
engineered microglia are being utilised to treat neuro-
logical conditions. Focusing on the manipulation, genetic
engineering, and the in vivo and in vitro applications of
microglia, we summarise current developments in this
field and demonstrate the tantalising prospect of engi-
neered microglia as treatments for neurological diseases.

Re-engineering microglia to treat neurological
diseases

The application of genetically re-engineered microglia in
different neurological diseases ranges from glioblastoma/
gliomas to neurodegenerative diseases, and neuropsy-
chiatric diseases to neuroautoimmune diseases. This
can be achieved by the insertion, deletion, or editing of
target genes. Inserting therapeutic genes (e.g., specific
cytokines and neurotrophin-3) via viral transduction or
nucleic acid-loaded nanogel can impart microglia with
therapeutic effects, and expression of chimeric antigen
receptors on the microglial surface can increase targeting
efficiency. Some are introduced with green fluorescent
proteins, improving neurosurgical accuracy as a guiding
tool. Deleting pathogenic genes, e.g., BACE-1, can facili-
tate microglial polarisation towards neuropathology-
ameliorating states (see Fig. 1).

Re-engineered microglia in glioblastoma

Engineered rAAV2-IL-15 microglia modulate the tumour
microenvironment

Gliomas are CNS tumours that start in glial cells. Glioma
cells closely interact with their surrounding vasculature
and immune counterparts, creating an immunosuppres-
sive microenvironment advantageous for tumour growth
[30]. However, in an enriched glioma microenvironment,
anti-tumour microglia have a pro-inflammatory pheno-
type producing increased levels of IL-15 and enhancing
the cytotoxicity of proximal natural killer (NK) cells [30].
IL-15 is a cytokine that signals through CD122/CD132
and induces NK cell proliferation.
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Fig. 1 Graphical abstract of this review. Re-engineered microglia can be created by genetic engineering (viral- or CRISPR-Cas-mediated)
or therapeutic modulation (nanoparticles, extracellular vesicles, or reprogrammed microbes/stem cells). Re-programmed microglia serve
as therapeutic carriers and microenvironment modulators to treat a wide range of neurological diseases. This figure was created with https://www.

biorender.com

To simulate the effects of enriched environmental cues,
Mormino et al. engineered microglia to produce more
IL-15 to inhibit glioma development [31]. Microglia were
infected by recombinant adeno-associated virus serotype
2 (rAAV2) carrying IL-15 genes to express and secret
IL-15 molecules. rAAV2, non-enveloped and single-
stranded DNA vectors, are advantageous in their efficient
transduction and minimal cytotoxicity in microglia, thus
yielding optimal microglial expression of IL-15 [32]. Cul-
tured microglia are resistant to non-viral conventional
transfection methods (e.g. chemical or electrical trans-
fection) so rAAV?2 overcome this barrier [32].

In vitro co-culturing of microglia and NK cells dem-
onstrated that microglia-derived IL-15 mainly increased
NK cell viability but had little effect on NK cell activation,
as indicated by the increased number of NK cells but the
unchanged proportion of CD69 +and NKG2D +NK cells
[31].

In vivo studies in glioma-bearing mice showed that
intranasally delivered rAAV2-IL-15 microglia could

infiltrate and accumulate in the glioma mass [31]. NK
cells were recruited, as a result, and the glioma vol-
ume shrank [31]. Moreover, pro-tumour Argl*micro-
glia reduced, and rAAV2-IL-15 microglia became more
branchy and far-reaching [31]. This indicated the posi-
tive modulatory effects of engineered microglia on the
tumour microenvironment, making it more favourable
for the anti-tumour phenotypes of immune cells. Over-
all, these preclinical results demonstrated rAAV2-IL-15
microglia’s potential as a treatment for glioma patients.
However, this study can be extended and improved.

As rAAV2 cannot penetrate the BBB to reach gliomas,
microglia cannot be transduced in vivo [33]. Although
culturing and re-engineering microglia in vitro are
demanding and laborious, the quality and safety are
easier to manipulate and control. Other rAAV sero-
types (e.g. rAAV 6, 8, 9) can also efficiently transduce
cultured microglia without eliciting aberrant immune
response [32]. They, except for rAAV2 and rAAV5, can
cross the BBB efficiently to deliver therapeutic genes in
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the neonatal mice CNS; yet, their targets are limited to
neurons and astrocytes as microglia are refractory to
rAAVs in vivo [33]. Nonetheless, Rosario et al. overcame
this by constructing a modified rAAV6 capsid (TM6)
that can transduce microglia efficiently and selectively
by (1) a triply mutated Y731F/Y705F/T492V form; (2) a
self-complementary genome; and (3) microglia-specific
promoters (F4/80 or CD68) [34]. All these modifica-
tions improved rAAV6’s specific tropism for microglia
and their microglia-selective expression. When intrac-
erebroventricularly injected, this modified rAAV6 ena-
bled significant CD68 promoter-driven expression of the
pro-inflammatory IL-6, altering the immune activation
state in mice brains in vivo [34]. TM6 might be capable of
in vivo transduction of microglia with IL-15 to treat glio-
mas, but more experimental evidence is required.

Besides IL-15, a more upstream target can be nuclear
receptor subfamily 4 group A member 2, which is upreg-
ulated in microglia contributing to a pro-tumorigenic
tumour microenvironment in glioblastoma [35]. Micro-
glia-specific knockdown of this gene rewired microglia,
making it more anti-tumorigenic [35]. More promising
targets are warranted to improve glioblastoma by geneti-
cally engineered microglia.

BV2 microglia, stimulated by nanopatrticles and loaded

with fluorescent dyes, guide brain tumour surgery
Engineered microglia, besides altering the microglial
genetic expression to secret therapeutic molecules at
targeted sites, could be utilised to improve the preci-
sion for surgical resection of brain tumours to minimise
neurological deficits. Guo et al. engineered murine BV2
microglial cells, DiDBV2-Fe, by stimulating them with
citric-acid coated iron oxide nanoparticles (CIONPs)
and loading them with near-infrared fluorescent dye DiD
[36].

CIONPs stimulated the BV2 microglial cells to adopt a
pro-inflammatory phenotype, as indicated by the upregu-
lated TNF-« (anti-tumour marker) and downregulated
pro-tumour markers (Arginase-1 and CD206) revealed
by real-time PCR [36]. Furthermore, multiple genes
involved in increasing the blood-brain barrier (BBB)’s
permeability (e.g., apoE and transferrin) were upregu-
lated, indicating their enhanced transmigration efficiency
[36]. Little cytotoxic effects were shown, as the cell mor-
phology and viability remained unaffected by the CIONP
concentrations [36]. CIONPs-activated BV2 microglial
cells demonstrated a better uptake of DiD. Overall, these
engineered BV2 microglial cells were satisfactory in vitro.

In vivo imaging of mice bearing human glioblastoma
cells demonstrated that (1) intracarotid artery injection
of activated DiDBV2-Fe better accumulated in the brain
than when intravenously injected; (2) DiDBV2-Fe had
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a higher biodistribution and accumulation in the brain
than the commercial intraoperative optical imaging agent
5-ALA; (3) confocal microscopy and immunofluorescent
imaging showed a better co-localisation of fluorescent
signals and tumour markers, indicating the high tumour-
targeting specificity of DiDBV2-Fe; (4) DiDBV2-Fe could
be attracted towards gliomas, further increasing the
specificity, due to tumour’s higher expression of chemo-
tactic factors (CCL2, CCL3, CCL4), compared with
normal brain tissues, and upregulated microglial chemo-
tactic receptors (CCR2, CCR4), as revealed by real-time
qPCR analysis; (5) preliminary safety assessment of
DiDBV2-Fe showed no acute liver injury, phototoxicity,
and hypersensitivity reactions, suggesting them as safe
intraoperative optical imaging agent vehicles [36]. Engi-
neered microglia can help fluorescence-guided resec-
tions of brain tumours achieve more accurate tumour cell
identification and optimal outcomes.

Besides genetic insertion, microglia can be used as a
biomimetic vehicle for therapeutic delivery. The drug
loading is mainly phagocytosis mediated. Strictly speak-
ing, they do not involve alterations in microglial genetic
sequence but involve modulation in genetic expression.
The two examples below should belong to the next ses-
sion about therapeutic modulation, but given their
common application in glioblastoma/gliomas, they are
grouped under this session for reference convenience.

Drug-loaded microglia target the tumour through vesicles
and nanotubes

Microglia are ideal transport vectors for drug delivery
to gliomas, thanks to their capability of phagocytosis-
mediated drug loading, and transmigration across BBB
to reach the targets within CNS. Du et al. engineered
microglia by inducing them to phagocytose liposome-
encapsulated paclitaxel (PTX), a chemotherapy drug for
glioma treatment, through an “eat-me” signal (dipalmi-
toyl phosphatidylserine decorating the liposome surface)
[37].

In vitro, PTX-loaded microglia tracked and perforated
gliomas cells significantly. They demonstrated strong
tumour-penetrative ability and inhibitory effects on
tumour growth in the gliomas spheroids [37].

In vivo, PTX-loaded microglia transmigrated towards
gliomas across the blood—brain barrier and showed posi-
tive anti-tumour effects in mice [37]. The tumour growth
was inhibited with minimal side effects, as drug-loaded
microglia delivered the therapeutic PTX into glioma
cells via extracellular vesicles and tunnelling nanotubes,
which did not exist between microglia and other brain
cells. Moreover, these engineered microglia promoted
an anti-tumour microenvironment by increasing CD86
antigen presentation costimulatory molecule and TNF-«,
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a pro-inflammatory cytokine, and decreasing immuno-
suppressive regulatory T lymphocytes [37]. Overall, these
preclinical results demonstrated PTX-loaded microglia’s
potential as a treatment for glioma patients.

Besides dipalmitoyl phosphatidylserine, microglial
phagocytosis of liposome-encapsulated PTX can be
enhanced by glycan ligands of CD33 (CD33L) on the
liposome surface [38]. PTX works by disrupting the
normal function of microtubules during mitosis to sup-
press glioma cells’ proliferation. Nonetheless, PTX itself
is neuropathogenesis-prone and cytotoxic for microglia:
PTX induced peripheral neuropathy, including microglia
dysregulation in the spinal cord [39, 40]; induced cogni-
tive impairment by increasing neuronal necroptosis and
decreasing synaptic plasticity [41]; and directly activated
astrocytes, producing acute pain by the release of TNF-a
and SDF-1 (stromal-derived cell factor 1). Although
microglia are protected by the liposomal separation from
PTX to maintain normal physiological functions, the tar-
geting efficacy of PTX-loaded microglia towards gliomas
cells is not secured: how to ensure PTX-loaded micro-
glia only interact with targeted tumour cells? When PTX
is delivered in vesicles, not by “safe” nanotubes, how to
ensure that they, extracellularly released, are not taken
up by other nearby cells (e.g. tumour-associated immune
cells)? It is thus suggestible to increase microglia’s glio-
mas targetability by, for instance, enhanced expression
of chimeric antigenic receptors sensitive and specific for
tumour-associated antigens. Moreover, a low dosage is a
common problem for all biomimetic carriers, including
microglia. Henceforth, future work can focus on specific-
ity and dosage improvement.

A virus-mimicking nucleic acid nanogel reprograms microglia
and macrophages for glioblastoma therapy

Apart from directly phagocytosing anti-tumour thera-
peutics, microglia taking up reprogramming materials
can initiate a wide range of anti-tumour activities. Micro-
RNAs (miRNAs) are short and non-coding RNA that
regulate post-transcriptional expression, mainly involved
in RNA silencing-repression of target gene expression.
MiR-155 was revealed to downregulate anti-inflamma-
tory cytokines and upregulate pro-inflammatory media-
tors. Thus, increasing miR-155 levels promotes microglia
to adopt an anti-tumour phenotype.

Utilising microglia’s phagocytotic activities, Gao
et al. designed Vir-Gel, a virus-mimicking membrane-
coated microRNA-155 (miR-155) nanogel, to reprogram
microglia from pro-tumour phenotype to anti-tumour
phenotype for glioblastoma treatment [42]. To deliver
therapeutic miR-155, which is subject to degradation,
into the microglia, the delivery vesicles, Vir-Gel, are spe-
cially designed. First, to protect miR-155 and extend their
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circulation time, miR-155 are embedded in the nanogel
coated by the erythrocyte membrane. Second, to increase
their specificity and targetability, the erythrocyte mem-
branes are modified with two functional peptides: (1)
M2pep, which specifically targets microglia; and (2)
influenza virus-derived HA2, which promotes the merg-
ing of the erythrocyte membrane and microglial endoso-
mal membrane, facilitating the release of miR-155-loaded
nanogel into the cytoplasm. Cytoplasmic ribonuclease H
can digest the nanogel to release miR-155, re-engineering
microglia to adopt the anti-tumour type.

In vitro, flow cytometry and quantitative analysis dem-
onstrated that Vir-Gel enabled the highest uptake of
miR-155 by microglia [42]. Furthermore, microglia repro-
grammed by Vir-Gel expressed the highest levels of INOS
(anti-tumour phenotype marker) and the lowest levels of
CD206 (pro-tumour phenotype marker) [42]. This indi-
cated Vir-Gel’s strong capability in reprogramming pro-
tumour microglia into anti-tumour phenotypes.

In vivo pharmacokinetic experiment showed that
miR155 delivered by Vir-Gel, intravenously injected,
had the longest half-life (~10 h) in the blood [42].
In vivo fluorescence imaging of glioma-bearing C57/
BL6 mice showed that Vir-Gel enabled the fastest, high-
est, and most persistent accumulation of miR155 in the
brain [42]. Immunofluorescent staining confirmed the
co-localisation of miR155 and Ibal (microglial activa-
tion marker) signals, proving miR155 specifically target
microglia in the brain. Glioma’s growth was inhibited,
and the glioma-bear mice’s survival time was elongated
[42]. Flow cytometric analysis of microglia showed a sig-
nificantly increased proportion of anti-tumour microglia,
along with increased pro-inflammatory cytokine IL-12
and decreased anti-inflammatory cytokine IL-10 [42].
This indicated Vir-Gel’s immunomodulatory effects. In
summary, all these results indicated miR-155 loaded Vir-
Gel could reprogramme microglia into anti-tumour phe-
notype for glioma treatment.

Gliomas—microglia interaction is bi-directional, and
miRNA reprogramming of microglia is increasingly gain-
ing attention. Gliomas cells secret vesicles containing
miR-21, which are taken up by microglia to downregulate
mRNA targets and increase proliferation after the down-
regulation of Btg2 (a tumour suppressor), shaping an
immune microenvironment favourable for gliomas pro-
gression [43]. Mimicking gliomas-derived miR-contain-
ing extracellular vesicles, Vir-Gel reprograms microglia
into an anti-tumour state by miR-155 delivery. Besides
miR-155, miR-124 is the other well-studied miRNAs in
microglia that are responsible for the maintenance of the
“resting” state [44]. Upregulation of miR-124 decreased
the release of pro-inflammatory mediators, but their
role in gliomas remained unclear [45]. A large variety
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of miRNAs have been implicated in the activation and
polarisation of microglia and are possible targets for gli-
oma treatment [46]. With further improvement, Vir-Gel
might have the capacity to deliver a combination of dif-
ferent miRNAs into microglia that optimise final effects.

In summary, four examples of how re-programmed
microglia can be utilised to treat glioma/glioblastoma
have been summarised and discussed. The engineered
microglia can not only deliver therapeutics and facilitate
neurosurgical procedures but also be re-programmed
by viral transfection and by phagocytosis of microRNA-
loaded nanogel. In vitro results in cell culture and in vivo
outcomes in mice have so far been positive. In the future,
more effective re-programming methods might acceler-
ate the approval of applying engineered microglia to treat
CNS tumours.

Re-engineered microglia in neurodegenerative diseases
Neurodegenerative diseases (NDs) are featured by neu-
rodegeneration, the progressive loss of neurons struc-
turally and functionally. NDs are affecting millions of
people worldwide and encompass a wide range of dis-
eases, two most common of which are Alzheimer’s dis-
ease (AD) and Parkinson’s disease (PD). Microglia plays
a significant neuroimmune role in the neurodegeneration
[47-49]. Genetically microglia have therapeutic potential
for NDs. Plasschaert et al. re-engineered microglia-like
cells with lentiviral vectors encoding either codon-opti-
mised human beta-glucocerebrosidase (GBA), or codon-
optimised human progranulin (GRN) [50]. These cells
expressing GBA and GRN are engrafted in murine mod-
els to ameliorate GBA deficiency-associated PD and
GRN deficiency-associated frontotemporal dementia
(FTD), separately [50]. Compared to enhancing GBA/
GRN expression in neurons, re-engineered microglia
cause smaller disturbances in neuronal activities. GBA
gene therapy improved a-synucleinopathy of midbrain
dopamine neurons associated with PD [51] and GRN
ameliorated microglial pathology associated with FTD
[52]. Moreover, the selective reduction of GRN expressed
by microglia in AB-mice worsened AD symptoms [53].
Therefore, increasing GRN expression in microglia by
genetic engineering might also be a potential therapy
for AD. Apart from genetic insertion, genetic deletion in
microglia can also treat AD, as elaborated below.

Alzheimer’s disease: BACE-1 inhibition facilitates

the transition from homeostatic microglia to DAM-1

and decreases AB load

Disease-associated microglia (DAM) is a subtype of
microglia responsible for maintaining the homeostasis
of the brain microenvironment. Stage-1 DAM (DAM-1)
is more functional in phagocytosis than stage-2 DAM
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(DAM-2), which is associated with AD pathology. BACE-
1, B-site APP cleaving enzyme-1, is an enzyme heavily
involved in AP generation. Suppression on BACE-1 enzy-
matic activities has decreased A load and improved cog-
nitive functions in AD adult mice (5xFAD) [54]. Clinical
phase II/III trials of BACE inhibitors, targeting selective
active sites, are also ongoing [55].

Plasschaert et al. discovered that BACE-1 deletion in
microglia induced a transition to DAM-1 phenotype
and elevated multiple signalling pathways (e.g. PI3K/
AKT, IL-6, and Rho), promoting more efficient microglial
phagocytosis of AB. The tamoxifen-inducible microglia-
specific BACE-1 depletion was accomplished by breeding
microglia-specific Cre-carrying mice with BACE-1 con-
ditional mice carrying loxP-flanked genes. Furthermore,
BACE-1 influenced TLR/IL-1 signalling to manipulate
PI3K-AKT-Racl activity in microglia, thus regulating
the uptake of amyloid plaques. BACE-1 reduction thus
increased AP uptake. As A likely causes AD when accu-
mulated abnormally, engineering microglia by targeted
inhibition of BACE-1, which effectively reduces Ap load,
may present a therapeutic strategy for AD treatment.

However, BACE-1 inhibition might lead to APP (sub-
strates of BACE-1) elevation and impair BACE1-medi-
ated processing of endogenous CHL1 (cell adhesion
molecule L1-like protein), exacerbating mechanism-
based side effects in, e.g., Down syndrome associated
with APP elevation [56]. Moreover, complete knockout of
BACEI resulted in deleterious phenotypes in the mouse
models, and even partial deletion could induce long-term
potentiation (LTP) deficit in hippocampal CA1, raising
concerns about BACE-1 inhibition’s safety and tolerabil-
ity [57]. It is, however, unclear whether targeted inhibi-
tion/deletion of BACE-1 in microglia exerts similar side
effects. An alternative to BACE-1 inhibition for AD treat-
ment is considerable. Kim et al. suggested the restoration
of GGA3 function [56]. GGA3, Golgi-localized y-ear-
containing ARF binding protein 3, is responsible for
trafficking BACE1 towards lysosomes for degradation.
Its reduction is related to BACE elevation in the post-
mortem brains of AD patients. Therefore, enrichment
of GGA3 in microglia can be an alternative to direct
BACE-1 depletion, minimising potential side effects of
APP accumulation. More studies are required to examine
the potential side effects of targeted inhibition/deletion
of microglial BACE-1.

Re-engineered microglia in neuropsychiatric diseases
Inflammation-related depression: photoresponsive
vaccine-like CAR-M-UZPM system

Depression is an emotional disorder characterised by
a persistent feeling of pervasive low mood and low self-
esteem, and aversion to normally enjoyable activities.
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Neuroinflammation, mainly induced by microglia activa-
tion, has been indicated in the pathophysiology of depres-
sion. Recent studies suggested depression as a microglial
disorder, given microglia’s roles in immune regulation,
synaptic plasticity, and neural networking [58]. Microglia
derived from depressed female patients demonstrated
an increased M1-polarisation and decreased M2-polar-
isation [59]. Reducing pro-inflammatory (M1-type)
microglia might alleviate neuroinflammation-related
depression [59, 60].

Liu et al. reengineered macrophages by introducing
a light-responsive system, named UZPM, and modify-
ing their cell surface with the chimeric antigen receptors
(CAR) to target CNS M1-type microglia, specifically [61].
The UZPM system, NaYF4:Yb, Tm (UCNP)@zeolitic-
imidazolate framework (ZIF-8)-photoacid (PA)+ mela-
tonin (MT), is responsive to 980 nm near-infrared (NIR)
light, which excited PA to disrupt ZIF-8 to release the
immunomodulatory MT [61]. Furthermore, the sys-
tem surface is modified with polyethene glycol (PEG),
improving biocompatibility, and encapsulated by hydrox-
ylamine-labelled liposomes to promote the uptake by
macrophages. CAR is an aldehyde-modified cytotoxic
T-lymphocyte-associated protein-4 (CTLA-4), which
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recognises the co-stimulatory CD86 on M1-type micro-
glia to inhibit their inflammatory activation pathways
[61]. Synergising the anti-inflammatory effects of MT
and CTLA-4, the CAR-M-UZPM system can effectively
inhibit M1-type microglia, which release pro-inflamma-
tory mediators, and transform them into anti-inflam-
matory (M2-type) microglia, serving as a therapeutic
strategy against inflammation-related depression (see
Fig. 2).

In vitro, the light-controlled release of MT inhibited
pro-inflammatory responses induced by lipopolysac-
charides (LPS), derived from Gram-negative bacterial
cell walls and recognised by toll-like receptors 4 to elicit
downstream signal cascades, in cultured mice microglia
cell lines [61]. MT rescued the cell viability and sup-
pressed the morphological transformation to M1-type,
which is short and spindle-like. ELISA results demon-
strated no change in pro-inflammatory cytokines (IL-6
and TNF-a) and upregulation of anti-inflammatory
cytokines (IL-4 and IL-10) [61]. Immunofluorescence
analyses confirmed the anti-inflammatory effects of
the decreased pro-inflammatory marker (CD86) and
increased anti-inflammatory marker (CD206) [61].
RNA-seq analyses revealed a shift in the differential gene

reprogramming TN N

N anti-inflammatory
cytokines

M1-type microglia M2-type microglia

peripheral macrophages

Fig. 2 Mechanisms of CAR-microglia/macrophages. A Gliomas-resident microglia/macrophages express GSC-specific CARs to eliminate GSC
and prevent glioblastoma relapses. B UZPMs induce macrophages to express CTLA4 and melatonin to increase M2 anti-inflammatory microglia
to alleviate inflammation-related depression. This figure was created with https://www.biorender.com
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expression of microglia, suggesting the polarisation from
the M1 to M2 phenotype.

In vivo, these biocompatible CAR-M-UZPMs effec-
tively transmigrated across the BBB to reach the mice
brain within 6 h, as indicated by the fluorescent signals
detected in the brain and the intact hippocampus. A bat-
tery of depressive-like behaviour tests was performed,
and LPS-infected mice treated with CAR-M-UZPM
showed higher sucrose preference and less immobility in
the tail suspension and forced swimming test, suggesting
CAR-M-UZPM’s anti-depressive effects [61]. Moreover,
they were better at inhibiting depressive-like behaviours
than fluoxetine, a traditional anti-depressant drug [61].
Further analyses by ELISA, immunohistochemistry and
RT-qPCR revealed that the anti-depression effects were
exerted by inhibiting LPS-induced neuroinflammatory
response. Finally, whole-cell patch recordings in ex vivo
brain slices revealed that intermittent CAR-M-UZPM
treatment suppressed LPS-induced overactivation of
basolateral amygdala neurons to alleviate depression [61].
Overall, CAR-M-UZPM serves as an ideal drug-delivery
platform for depression treatment.

Noteworthy, this study is not expressing CAR on
microglia but on infiltrating macrophages to target
M1-type microglia to treat depression. The CAR in the
UZPM system is CTLA-4 that targets M1-type microglia
and polarize them into M2-type microglia, thus alleviat-
ing neuroinflammation-related depression. It is novel as
CAR is usually expressed on tumour-associated mac-
rophages (CAR-M) for tumour immunotherapy. CAR is
specially designed to facilitate macrophages attaching to
a specific cancer cell antigen [62]. Compared with other
CAR-equipped immune cells, CAR-M is advantageous
in penetrating solid tumours and clearing malignant tis-
sues by phagocytosis [63]. CAR-M has been suggested
for treating glioblastoma, an aberrant brain tumour,
by improving the inflammatory microenvironment for
tumour control [64]. The diversity of CAR and the light-
responsiveness of UZP make macrophages a versatile and
controllable platform for therapeutic delivery to the CNS
to treat different neurological diseases, besides depres-
sion and glioblastoma.

Microglia and macrophages expressing CAR serve
as an effective postoperative glioblastoma therapy (see
Fig. 2). Post-surgery residual glioma stem cells (GSCs)
have been difficult to track and eradicate, leading to
glioblastoma propagation and quick recurrence. Chen
et al. generated CAR-microglia/macrophages by inject-
ing a hydrogel, with the CAR gene-laden nanoporter,
into the cavity of tumour resection. As CD133 is a
marker for GSCs, the CAR is mainly composed of an
anti-CD133-scFv, specifically targeting GSCs, and a
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CD8a, which presents processed GSC antigens to acti-
vate T cells, with CD3 being intracellular costimula-
tory domains [65]. These CAR—microglia/macrophages
specifically engulf GSCs and induce T-cell-based adap-
tive immune response towards GSCs, and they secret
chemokines that recruit other immune cells (NK, DC,
T cells) to trigger the GSC apoptosis [65]. CAR—micro-
glia/macrophages in preclinical humanised mouse
models successfully prevented postoperative relapse,
representing a promising glioblastoma treatment, and
further clinical trials are warranted. Nonetheless, it
remains unclear if CAR-microglia and CAR-mac-
rophages are performing the same, due to the difficult
distinguishment between microglia and macrophages,
and a lack of experimental evidence for comparison—
CAR-M is much less developed than CAR-T therapy
in treating glioblastoma, and gliomas-associated mac-
rophages were only used to deliver interferon-alpha to
improve the efficacy of CAR-T cells [66].

Although microglia are generally defined as CNS-
resident macrophages, macrophages, derived from
blood-borne monocytes infiltrating the brain and used
to treat glioblastoma (brain tumour), are not the same
as CNS-resident microglia in several aspects. First,
they have different origins: microglia are derived from
the yolk sac and migrate to the brain early in embry-
onic development, while macrophages are derived from
the myeloid lineage of hematopoietic stem cells. Tissue-
resident macrophages originate from monocytes in the
bloodstream that enter and differentiate in specific tis-
sues. Second, they present different markers: micro-
glial markers include P2Y12, TMEM19, TREM2, low
CD45, and microglia are Pu.1 dependent; macrophages’
markers are high CD45, CD44, CD169, and they are
Myb dependent [67, 68]. Furthermore, macrophages
engrafted in the brain parenchyma acquire microglial
characteristics over time but still differ from micro-
glia in transcriptomic profiles, chromatin accessibil-
ity landscapes, and the response to challenges, despite
prolonged CNS residence [69]. They are thus func-
tionally distinct. It is thus necessary to further Chen
et al’s study in distinguishing CAR-macrophage and
CAR-microglia in terms of transformation efficiency
(whether one can express CAR more stably and sus-
tainably than the other), functional efficacy (whether
one can better eradicate tumour cells than the other),
and safety (whether one is more cytotoxic than the
other). Overall, infiltrating blood-borne macrophages
and CNS-resident microglia are similar but different
in several aspects, and more studies are warranted to
unravel the differences between CAR-macrophages and
CAR-microglia in treating neurological diseases.



Luo and Sugimura Journal of Neuroinflammation (2024) 21:19

Re-engineered microglia in autoimmune diseases

of the central nervous system

Autoimmune diseases arise from the abnormal immune
response to functioning normal cells. The immune sys-
tem mistakenly recognise “self” antigens as “non-self”
antigens, initiating destructive attacks that impede the
normal functioning of specific body organs. There are
more than 80 autoimmune disorders, around 30 of which
happen in the nervous system [70]. Multiple sclerosis
(MS) is a CNS autoimmune disease characterised by dys-
functional myelination and neuronal damage, in which
microglia are involved in both immune response and
demyelination [23, 71]. Given their extensive participa-
tion in the pathogenesis of MS, microglia have been a
therapeutic target for MS treatment.

NT-3 expressing microglia

CNS repair remains difficult due to the pro-inflamma-
tory microenvironment and limited accessibility of BBB-
impenetrable therapeutics. Neurotrophin-3 (NT-3) is
a well-studied trophic factor for neural survival, devel-
opment, and plasticity [72]. In the adult brain, ramified
resting-state microglia rarely express NT-3 [73]. Acti-
vated microglia produce NT-3 and its receptor TrkC in
the injured MS CNS. NT-3 regulated proliferation and
phagocytosis in the microglia [73] and functioned as
an anti-inflammatory suppressor of microglial activa-
tion, reducing the release of inflammatory iNOS, NO,
and TNF-a [72]. Moreover, neuron-derived NT3 inhibit
MHCII inducibility, which is highly expressed during
neuroinflammation and the neurodegenerative process,
of microglia by binding to the p75 neurotrophin recep-
tors [74]. Therefore, endogenous NT-3 plays a neuropro-
tective role in MS. Yet, it is insufficiently expressed in the
MS brain, necessitating the supplement from exogenous
sources.

Beutner et al. engineered microglia derived from
embryonic stem cells (ESAM) to express therapeutic neu-
rotrophin-3 (NT-3), which transmigrated across the BBB
to reach the inflammatory target and promoted the repair
of CNS lesions in experimental autoimmune encephalo-
myelitis (EAE), a mouse model of multiple sclerosis [75].
Before transducing ESAM with the mouse NT-3 gene, a
lentiviral vector was used to carry the gene, downstream
of the phosphoglycerate kinase (pgk)-promoter. The
cytokine profile of EsdM transduced with NT-3 remained
unchanged.

Intravenously transplanted EsdM could only migrate
into the inflammatory spinal cord of EAE mice but not
healthy mice [75]. Afterwards, fluorescence imaging
and flow cytometry analysis revealed the presence of
CD45 or Ibal (microglia markers) and Ki67 (prolifera-
tive marker) loss proximal to the inflammatory lesions,
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indicating transplanted ESdM’s adaptation towards a res-
ident microglial phenotype [75]. NT-3 provided by EsdM
improved the clinical symptoms significantly [75]. The
researchers also observed ameliorated demyelination,
reduced axonal injury, and enhanced anti-inflammatory
cytokine milieu in EAE mice treated with NT-3-EsdM.
In vitro culture further validated NT-3-EsdM’s pro-repair
effect by promoting neurite outgrowth. Overall, ESC-
derived microglia engineered to express NT-3 seemed
promising for repairing the lesioned CNS in neuro-
inflammation-related diseases, for example, multiple
sclerosis and neurodegenerative diseases. In the future,
microglia from patient-derived induced pluripotent
stem cells, avoiding transplant rejection, might serve as a
promising therapeutic vehicle for NT-3 or other drugs to
treat human CNS diseases.

However, this study only demonstrated EsdM’s pen-
etrability into the spinal cord but not the brain. Thus, the
application of EsdM is currently limited to spinal cord
MS, probably due to difficulties in crossing the BBB to
reach the brain. Moreover, due to a lack of comparative
data, it is not sure if EdsM is more advantageous than
other methods available for increasing NT-3 levels, in
terms of efficacy and safety. For example, glatiramer ace-
tate (GA), an immunomodulator, could also augment the
expression of NT-3 by T cells and resident neurons and
astrocytes in the brain [76]. GA injection is much less
laborious than EsdM treatment, which requires genetic
engineering, quality control, cell culture, and transplan-
tation. Furthermore, for EsdM to enter clinical trials,
the problems of immunogenicity and oncogenicity are
unignorable concerns.

Microglia-derived IL4-containing vesicles
Apart from NT-3, microglia re-engineered to express
IL-4 have also demonstrated therapeutic effects in EAE,
the mouse model of human multiple sclerosis. It has been
reported that microglia increase extracellular vesicles
(EVs) and EV-dependent inter-microglia interaction dur-
ing human multiple sclerosis (MS) and mouse EAE. IL-4,
an anti-inflammatory cytokine, showed high efficiency in
suppressing neuroinflammation in these models. Casella
et al. transfected murine BV-2 microglial cells with len-
tiviral plasmids carrying the murine IL-4 gene [77]. EVs
secreted by these re-engineered microglia contained IL-4
proteins and mRNA, and polarised recipient myeloid to
an anti-inflammatory phenotype, in an STAT6-depend-
ent way [77]. To further increase the uptake efficiency of
EV, lentiviruses carrying Lactadherin (Mfg-e8) gene, con-
veying “eat me” signals to phagocytes, were also utilised
to infect the microglia [77].

In vivo, IL-4"Mfg-e8* EVs injected into the cisterna
magna of EAE mice improved clinical symptoms and
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reduced tissue damage, including demyelination, axonal
loss, and inflammatory infiltration [77]. Immunofluores-
cence analyses revealed a signification reduction of the
inflammatory marker, iNOS, and an upregulation of the
anti-inflammatory marker, Argl, in the CNS phagocytes
[77]. This suggested the re-engineered microglia-derived
EVs were capable of reprogramming in vivo microglia
into anti-inflammatory phenotypes to ameliorate patho-
logical neuroinflammation, serving as a therapeutic agent
beneficial for MS/EAE treatment.

Platforms for microglia engineering

Currently, most re-engineered microglia are only tested
in cell culture and animal models, which limits their
application in treating human neurological diseases. One
important step forward is to expand in vitro experiments
in human cell lines.

Dolan et al. provided a platform for generating and
manipulating human microglial states in vitro, modelling
different transcriptional and functional microglial sub-
types in different neuropathological contexts [78]. Micro-
glia differentiated from human stem cells (iMGLs) were
exposed to neurological challenges (CNS substrates, e.g.
synaptosomes, cellular debris, or synthetic AP fibrils) to
generate extensively diverse transcriptional profiles, ana-
lysed by single-cell RNA sequencing (scRNAseq). Most
of these iMGLs clusters exhibited transcriptional signa-
tures similar to in vivo human brain microglia [78]. A
robust lentivirus-transduction approach was established
to enable scalable analyses of microglial functional states.
The lentiviral transduction efficiency was improved by
co-delivering Vpx, a protein derived from the simian
immunodeficiency virus. Vpx, packaged in virus-like
particles, can degrade barriers in human microglia that
impede lentiviral transduction. To exemplify, the authors
utilised this platform to examine the role of enriched
MITF (Melanocyte Inducing Transcription Factor), a
transcription factor upregulated in the microglia, in the
AD context. As a result, they found that MITF led to a
neurodegenerative disease-associated transcriptional
signature contributory to a highly phagocytic state,
revealed by scRNAseq and functional analyses [78]. This
demonstrated the platform’s potential in unravelling the
function of different microglial states and their roles in
homeostasis maintenance and different neurological dis-
eases. More recently, another platform has been created
to uncover regulators of these states.

M. Dréger et al. presented a CRISPRi/a platform to
screen regulators of microglial states in vitro, possible
therapeutic targets, and systemically characterise their
functional states [79]. Extensive genetic perturbations,
by inducible CRISPR interference (CRISPRi) and acti-
vation (CRISPRa), were conducted in microglia derived

Page 11 of 25

from human induced pluripotent stem cells. Single-cell
RNA sequencing then systemically elucidated the func-
tional consequences of these genetic perturbations to
uncover state-associated genes and regulators of these
states [79]. This platform could screen modifiers of
(1) microglial survival and proliferation; (2) microglial
activation; and (3) synaptosome phagocytosis. More
importantly, it could uncover regulators of microglial
states, for example, colony-stimulating factor-1 (CSF-
1R) inhibition is correlated with selective depletion
of the osteopontin®™ (SPP1%) state disease-associated
state [79]. Another recently available CRISPR-based
platform deploys the electroporation of Cas9 ribo-
nucleoproteins and synthetic DNA repair templates
to genetically modify microglia [80]. This platform is
advantageous in being rapid and reduced in off-target
effects given the absence of viral or plasmid vectors and
short half-life of electroporated proteins [80].

In comparison, the former platform more fully reca-
pitulates different neuropathological contexts, while
the other is a more suitable method to screen micro-
glial regulator genes. However, the latter platform
enables more large-scale screens and avoids many vari-
ables introduced when creating the neurological chal-
lenges to model different neuropathological contexts.
Moreover, CRISPR is a more efficient and less laborious
genetic editing tool than lentivirus transduction, which
further requires the facilitation of Vpx to overcome
microglial barriers. In general, both platforms provide
robust protocols for the derivation of microglia from
stem cells, enabling a wide variety of future applica-
tions: (1) using patient-derived iPSCs can help identify
potential disease-specific therapeutic targets of micro-
glia; (2) introducing these microglia into 2D cocul-
tures or 3D brain organoids enables the investigation
of inter-cellular interactions (e.g. neuron- and astro-
cyte- microglia interrelationship); and (3) transplanting
microglia into humanised animal models enables the
study of in vivo human microglial signature.

In the future, genes pivotal for the switching of micro-
glial polarisation, e.g., MSX3 [81], KCa3.1 [82], and CSEF-
1R [3] will be the important targets of genetic editing by
efficient tools, such as CRISPR-Cas9. Genetic targeting
of these key genes might serve as an efficient strategy for
microglial manipulation in different neuropathological
contexts.

Although genetic reengineering is a potent way to
switch microglial polarisation, it can be laborious,
irreversible, and might bring unexpected side effects.
Therapeutic modulation is another strategy to revers-
ibly change microglia’s functional states, by modifying
genetic expression without altering the genetic composi-
tion of microglia.
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Modulating microglia in the central nervous
system

Most of the therapeutic modulation is achieved by bind-
ing to different receptors on the surface of microglia,
which triggers intracellular signalling cascades leading
to microglial polarisation. However, some therapeutics
work by regulating the levels of RNA (e.g. miRNA and
IncRNA), and some work in a less direct way, for exam-
ple, by intercellular interactions (see 3.4.). This session
introduces the major categories of the microglial recep-
tor, summarises different kinds of therapeutic modu-
lators (see 3.1.), and discusses how nanoparticles and
extracellular vesicles can be excellent vehicles to improve
the delivery efficiency of these therapeutic molecules (see
3.2.and 3.3.) (see Fig. 1).

Receptors on microglia: modifiable targets of neurological
diseases

Microglia express a myriad of receptors on the surface.
Different ligand-receptor interactions can activate or
inhibit microglia in different actions, including micro-
glial phagocytosis or inflammatory responses or both,
depending on different neuropathological contexts [21].

Some are only involved in the release of proinflam-
matory mediators Take excitatory RAGE and inhibi-
tory CD200R1 for illustration. RAGE are receptors of
advanced glycosylation end products, which interact
with neurotoxic proteins, e.g. A B, to activate NF-kB
signalling pathways in microglia, leading to transcrip-
tion of pro-inflammatory cytokines [83]. Blocking the
A B-RAGE interaction could reduce oxidative stress
in vitro, but in vivo effects in AD were not satisfactory
[84]. RAGE level is higher in PD, whose activation leads
to MPTP/MPP + -induced NFkB-mediated dopaminergic
neuronal death [85, 86]. The S100B (a calcium-binding
protein)-RAGE interaction exacerbates demyelination
by impairing myelin repair and oligodendrogenesis in
MS and has been implicated in AD [87, 88]. Some inhibi-
tory receptors, such as CD200R1, recognise CD200
secreted by neurons and other glia, leading to a reduction
in neurotoxic pro-inflammatory response and attenua-
tion in microglial activation [89]. Reduced expression of
CD200R1 elevated risks in PD [90, 91]. Its reduction has
been also indicated in AD and MS [91, 92]. Thus, RAGE
and CD200R1 might be promising targets for neurode-
generative diseases.

Some are only involved in the phagocytosis of misfolded
proteins SR-A1, TREM2, and TAM receptors are impli-
cated in the pathogenesis of AD. SR-Al, type-1 scav-
enger receptor A, is a trimeric receptor that recognises
various ligands and is expressed by activated microglia. It
recognises A-beta and promotes microglia to Internalise
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and reduce A-beta, making it a possible therapeutic tar-
get for AD [93]. TREM2 is a single-pass transmembrane
receptor for anionic ligands, involved in the TREM2—
DAP12-DAP10 signalling cascades, which enable micro-
glia to fully become disease-associated microglia (DAM)
to engulf amyloid plaques and provide neuroprotection
[94, 95]. Loss-of-function variants (R47H) in the TREM2
gene increase the risk of developing AD in humans [96].
Finally, microglia express TAM receptor tyrosine kinases
Axl and Mer, which make microglia mediators of recog-
nition and endocytosis of amyloid plaques [97]. TAM-
driven microglial engulfment promotes dense-core
plaque development in the AD pathogenesis [97].

Furthermore, microglial phagocytosis of neurons
involves three sets of signalling systems—*“find-me”, “eat-
me’, and “don’t-eat-me” signalling, as summarised in
Butler et al’s review [98]. Neurons releasing ATP/ADP
and CX3CL1 will attract microglia to come to prox-
imity by the chemotaxis-triggering ADP-P2Y12 and
CX3CL1-CX3CR1 interactions [99, 100]. The activation
of microglial phagocytosis requires another set of ligand—
receptor interactions. UTP/UDP released by neurons will
be detected by P2Y6 receptors on microglia, and neu-
ronal membrane-bound phosphatidylserine can activate
microglia by binding to TREM2/GPR56 and MERTK/
TREM2/VNR/MEGF10 [98]. Desialylated proteins/lipids
on the neuronal surface bind to MERTK/LRP1/CR1/3/4
to trigger microglial phagocytosis of neurons; however,
after sialylation, these ligands, in turn, bind to SIGLEC to
inhibit the phagocytosis [101]. The other known “don’t-
eat-me” signal has been the neuronal CD47-microglial
SIRP a interaction [102]. The outcome of microglial
phagocytosis of neurons is an orchestration of these mul-
tiplexed signalling.

Finally, many more microglial receptors are involved in
the triggering of both They include complement recep-
tors, Fc receptors, toll-like receptors (TLR), and so on.
Complement receptors are soluble and membrane-asso-
ciated proteins promotive for opsonisation and inflam-
mation. Fc receptors recognise the constant domains (Fc)
of immunoglobulins (Ig) secreted by B lymphocytes. For
example, they mediate microglial phagocytosis of A-beta
by recognizing the Fc domains of anti-A-beta antibod-
ies and activate microglia by infiltrating IgG due to BBB
with increased permeability [103]. Thus, they are impli-
cated in the progression of AD. Finally, toll-like receptors
on microglia are involved in a wide range of neurodegen-
erative diseases. For instance, TLR2 recognises exosomal
a-synuclein to activate the microglia [104]. Yet, over-acti-
vation due to excessive a-synuclein phagocytosis might
result in the microglia—neuron transmission of a-synu-
clein; in contrast, TLR4 enables the clearance of a-synu-
clein via TLR4-NF-kB-p62-mediated synucleinphagy
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[105]. Modulating TLR2 or maintaining the TLR4-medi-
ated synucleinphagy might confer neuroprotection for
PD.

Microglial response, following different ligand—recep-
tor binding, is much more multiplexed than the above-
mentioned. Microglia not only secrete pro-inflammatory
mediators but also destructive enzymes, such as matrix
metalloprotease 3 (MMP3), when they become hypo-
functional after phagocytosing live neurons with P301S
mutational tau aggregates [106]. Depending on the dif-
ferent states of microglia and their microenvironment,
they also release anti-inflammatory mediators. Having
a more comprehensive understanding of these micro-
glial receptors and the corresponding response in differ-
ent neuropathological contexts will greatly facilitate the
development of engineering microglia for the treatment
of various neurological diseases.

An overview of therapeutic modulators of microglia

Most of the therapeutic modulators for microglial mod-
ulation are proteins, while some are acidic molecules.
Some, e.g., cytokines, work as ligands and bind to the
receptors on the surface of microglia to activate certain
downstream signalling cascades. Some work as antibod-
ies or inhibitors to block some of the receptors involved
in microglial phagocytosis or release of inflammatory
mediators, inactivating related signalling pathways.
Other therapeutic modulators work by inactivating some
RNA molecules associated with aberrant microglia acti-
vation. Given the large variety of therapeutic modulators
and neurological diseases involved, they are summarised
in Table 1, in an organised way, for easy reference.

Delivery of therapeutics-loaded nanoparticles

Nanoparticles are small particles ranging between 1
to 100 nm in size. They can be organic (polymersomes
and liposomes) or inorganic (metal or carbon-built
nanoparticles), depending on the construction materi-
als. As a drug delivery vehicle, nanoparticles are advan-
tageous in (1) their high surface area to volume ratio
enables more effective interaction with target cells; (2)
extending the half-life of the loaded drug in the physi-
ological environment, maintaining their activity until
reaching the targeted sites; (3) flexible BBB penetrabil-
ity enabled by different surface modification on nano-
particles, for example, encapsulation by biocompatible
exosomes, while some nanoparticles, such as gold nano-
particles, can directly cross the BBB via passive diffusion
via ion channels; and (4) controllable release of drugs,
minimising possible side effects [117]. Given all these
advantages, nanoparticles have been regarded as a prom-
ising drug delivery platform to therapeutically target
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microglia-mediated neuroinflammation, in different

pathophysiological contexts.

AZ-loaded PS-PEG nanopatrticles for ischemic stroke
Polymeric nanoparticles are ideal drug delivery vehicles
thanks to their diffusibility and biocompatibility. Azithro-
mycin (AZ) was originally an antibiotic to treat bacterial
infections, but AZ is found to provide neuroprotective
effects in cerebral ischemia [118], by promoting argin-
ase-mediated anti-inflammatory activity and microglial
polarisation towards the M2 phenotype [119]. In an
oxygen—glucose deprivation (OGD) slice model mim-
icking the stroke-related cerebral ischemia, polystyrene-
poly(ethylene glycol) (PS-PEG) nanoparticles, loaded
with AZ, better inhibited the pathologic microglial
response to OGD than AZ alone [120]. Activated micro-
glia usually respond to OGD by the polarisation towards
the M1 proinflammatory state, which might induce neu-
roinflammation inhibitory for neuronal recovery [121].
This can be indicated by decreased microglial area,
because reactive amoeboid microglia are smaller than
their inactivated ramified states. AZ’s effect was exhibited
by inhibiting the increase of heterogeneity and circular-
ity in microglial morphology in the cultured cortex and
thalamus slices [120]. Thus, PS-PEG nanoparticles carry-
ing AZ endocytosed by microglia can inhibit microglial
M1 polarisation, providing neuroprotection in cerebral
ischemia.

The microglial uptake and accumulation of AZ are
dependent on the disease state and nanoparticles’ phys-
icochemical properties. In this case, the uptake of drug-
loaded PS-PEG increased with OGD, and PS-PEG
exhibited strong diffusive ability thanks to their small
size (<200 nm), overcoming the limitation of the small
pores in the brain extracellular space, enabling them to
reach the target microglia to deliver the drug effectively
[120]. Furthermore, they improved intracellular traffick-
ing of the therapeutics, utilising microglial phagocytosis
for nanoparticle internalisation. Therefore, polymeric
nanoparticles are an ideal drug delivery tool for microglia
manipulation, given their transportability and affinity for
microglia in cerebral ischemia.

Apart from AZ, PS-PEG nanoparticles might be uti-
lised to carry other therapeutic molecules with neu-
roprotective effects for ischemic stroke. Analgecine
(AGC), an analgesic extract from the Vaccinia-inocu-
late rabbit skin, can promote microglial M2 polarisa-
tion by inhibiting NF-«B through the TLR4/MyD88
pathway activated by ischemia [121]. Ginkgolide and
bilobalide, major trilactone from the leaves of Ginkgo
biloba, can inhibit TLR2/4 signalling pathways, polar-
ising microglia towards an anti-inflammatory pheno-
type [122]. Using PS-PEG nanoparticles as a vehicle,
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these therapeutical molecules might exert better neu-
roprotective function against ischemia injury, thanks
to enhanced uptake by microglia and increased target-
ing efficacy that might reduce side effects. However,
one major concern is the size limitation. The size of
the therapeutic molecule should not exceed the maxi-
mum capacity of the PS-PEG nanoparticle, other-
wise, it cannot be transported towards microglia. This
might be a disadvantage for PS-PEG nanoparticles as
some protein-based anti-inflammatory drugs are way
too large for them to transport. Overall, PS-PEG nano-
particles are a promising vehicle for small molecules to
modulate microglial states, providing neuroprotective
effects for ischemic stroke.

Sim-loaded PEG-PdLLA nanopatrticles for neurodegenerative
diseases

Some polymeric nanoparticles are more advanta-
geous in overcoming the poor BBB penetrability and
off-target effects of therapeutics. Take PEG-PdLLA
(methoxy polyethylene glycol-poly(D,L) lactic acid)
diblock co-polymers as an illustration [123]. Loaded
with Simvastatin (Sim), an anti-inflammatory drug for
neuroinflammation-related neurodegenerative dis-
eases, PEG-PdLLA exerted better anti-inflammatory
effects on microglia than Sim alone in suppressing
pro-inflammatory factors (nitric oxide) and cytokines
(IL-6, and TNF- a) in a neuroinflammation model
induced by LPS, a potent activator, derived from
Gram-negative bacterial walls, of microglial response
[123]. PEG-PALLA achieved so by several attributes:
(1) their polymeric materials are stable in a physi-
ological environment, elongating carried Sim’s half-
life; (2) they are capable of protracting the release of
biological active Sim; and (3) they specifically target
microglia, whose endocytosis-mediated internalisa-
tion enhances Sim distribution and exposure [123].
More recently, Emmerich et al. [124] found that den-
drimer particles conjugated with immunosuppressive
dexamethasone (D-Dex) specifically inhibit microglia
reactivity, enhancing neural regeneration in the ret-
ina. PEG-PdLLA and D-Dex promisingly demonstrate
the potential of polymeric nanoparticles as microglial
modulation tools.

Overall, both polymeric nanoparticles improve the
delivery of therapeutic molecules into microglia by
increasing the targeting specificity and internalisation
levels. However, the vehicle capacity of nanoparticles is
currently limited to small molecules. To transport ther-
apeutic molecules of larger molecular size and larger
amounts, cell-derived extracellular vesicles are an ideal
alternative.
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Delivery of therapeutics-encapsulated extracellular
vesicles

Extracellular vesicles (EVs), bi-lipid-layer-bound vesi-
cles cellularly secreted into the extracellular space, are
another ideal vehicle for therapeutic delivery. EVs are
advantageous in their high biocompatibility, low immu-
nogenicity, good capacity, and most importantly, BBB
penetrability. Moreover, they offer a high targeting abil-
ity to CNS lesions to minimise side effects or off-target
effects. Therefore, EVs have been utilised to specifically
deliver therapeutics for microglia manipulation.

Extracellular vesicles encapsulating Bryostatin-1 inhibit
neuroinflammation

In the experimental autoimmune encephalomyelitis, the
animal model of multiple sclerosis, Wu et al. used EVs
derived from neural stem cells (NSC) expressing the
ligand of platelet-derived growth factor A (PDGEF-A),
called EVPs, to carry bryostatin-1 (Bryo-1) [125]. Bryo-1
is a naturally occurring macrocyclic lactone shown to
own anti-neuroinflammation effects in MS and AD [126].
PDGE-A greatly increased the targeting efficiency as its
receptor, PDGFRa«, is markedly expressed by oligoden-
drocyte progenitor cells in the demyelinated lesions. In
the proximity of demyelinated sites are microglia remov-
ing myelin debris and providing pro-growth factors for
remyelination during their M2 anti-inflammatory phe-
notype. Yet, when microglia are in their M1 pro-inflam-
matory phenotype, they release reactive oxygen species
and cytokines that worsen the CNS lesions. EVPs packed
with Bryo-1 altered the phenotype of microglia by
increasing the proportion of M2 microglia, which greatly
limited neuroinflammation and clinical signs, as dem-
onstrated by the reduction of many pro-inflammatory
cytokines (IL-17, IL1-B, IL-6, IFN-y, GM-CSEF, and iNOS)
and the upregulation of anti-inflammatory cytokines
(IL-11 and IL-5) in the spinal cords. Demyelination was
ameliorated, and BBB integrity was protected, attenuat-
ing excessive microglial activation [125]. Moreover, it
overcame the undesirable off-target activity of systemi-
cally administrated Bryo-1 thanks to EV’s high targeting
efficiency to CNS lesions in EAE mice. Therefore, EVP-
Bryo-1 is a potential strategy for microglia modulation in
neurological conditions, especially where white matter is
destructed and neuroinflammation is uncontrolled.

Extracellular vesicles, derived from oligodendroglia

and enriched for HSPBS, protect against oxidative stress
Besides NSC-derived EVs, oligodendroglia-derived
EVs enriched with heat shock protein B8 (OL-HSPB8-
EVs) could reduce oxidative stress in activated micro-
glia [127]. HSPs are molecular chaperones engaged in
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the regulation of proteostasis, encompassing protein
reconstruction and degradation. HSPBS, together with
co-chaperone BCL-2-associated athanogene 3 (BAG3),
assists in selective autophagy of some proteins to atten-
uate oxidative stress and thus cell death. As expected,
OL-HSPB8-EVs, internalised by microglia cell lines and
primary mixed neural culture cells, preserved chaperone
activity, and thus selective autophagy, in stressed condi-
tions, alleviating proteotoxic insults from the accumula-
tion of cytotoxic protein aggregates [127]. This further
prevents the over-reaction of microglia by misfolded pro-
teins in the pathological contexts of neurodegenerative
diseases. Thus, OL-HSPB8-EVs might be applied in vari-
ous proteinopathies, where misfolded protein aggregates
are associated with microglia-mediated neuroinflamma-
tion, including, for example, Alzheimer’s disease featured
by extracellular A B plaques and intracellular fibrillary
tau tangles, and Parkinson’s disease with Lewy bod-
ies. However, the above results are only generated from
in vitro experiments, the authors did not provide in vivo
results so far. It is thus expected to test the ability of OL-
HSPBS8-EVs to penetrate BBB to reach the brain in vivo,
and whether they can exert therapeutic effects in animal
disease models as ideal as in vitro experiments. Overall,
OL-HSPB8-EVs are a possible tool for microglia modula-
tion in neuropathological contexts, where proteostasis is
imbalanced, with more examination warranted.

Delivery of engineered cells/microbes

IL-13-producing mesenchymal stem cells transplanted
intracerebrally limit microgliosis

Intercellular interaction between microglia and other
engineered cells also has the potential to modulate
microglial activities. Le Blon et al. engineered mesenchy-
mal stem cells to express and secret IL-13 and intracer-
ebrally transplanted them in the cuprizone (CPZ) mouse
model, an established model for MS [128]. IL-13 is a
cytokine primarily secreted by T helper type 2 cells and
exerts anti-inflammatory effects. In this study, CX3CR1"
microglia will give eGFP fluorescence, discriminated
from CCR2" graft-infiltrating peripheral macrophages
that give RFP fluorescence. Following CPZ treatment and
IL-13-MSC transplantation, all microglia/macrophages
were activated, indicated by the activation marker, F4/80,
which is not expressed by resting-state microglia in
healthy brain tissue. The grafting of IL-13-MSC in the
splenium, the thick posterior of the corpus callosum,
limited cuprizone-induced microgliosis, indicated by a
significant decrease in CX3CR1°%FP/+ microglia density
in the whole splenium [128]. Furthermore, microglia and
infiltrating macrophages around the graft all expressed
Argl, an M2 immunosuppressive marker [128]. There-
fore, IL-13 produced by MSC not only recruited
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anti-inflammatory M2 macrophages, but also limited
cuprizone-induced microgliosis, neuroinflammation, and
demyelination, improving MS symptoms in the mice.

Engineered Escherichia coli in the gut provide
neuroprotective effects
Long-distance modulation of microglia via the gut—brain
axis, microbiome—microglia crosstalk specifically, is also
possible [129, 130]. Peripheral inflammation has been a
potential risk factor for neurodegenerative diseases, such
as PD. Intestinal inflammation was implicated as a driver
of the PD pathogenesis [131]. Intraperitoneally injected
LPS-induced peripheral inflammation enhanced CNS
microglia pro-inflammatory response and nigral dopa-
minergic neuronal loss in a PD mice model [132]. Pro-
biotics that improve microbiota and therapeutics that
suppress intestinal or peripheral inflammation (e.g., cur-
cumin) often provide neuroprotective effects [133, 134].
Wu et al. engineered E. coli Nissle 1917 (EcN), a
Gram-negative probiotic bacterial strain, to deliver
glucagon-like peptide-1 (GLP-1), modulating the gut
microbiota to treat PD [135]. GLP-1 is a peptide hor-
mone produced and secreted by intestinal enteroen-
docrine L cells, functioning as an incretin, which
enhances insulin secretion to decrease blood sugar
levels. It has thus been regarded as a therapeutic tar-
get for diabetes treatment by alleviating insulin resist-
ance. With the occurrence of evidence suggesting a
diabetes—PD relationship, GLP-1 has been regarded as
a new neuroprotective strategy. In a PD mice model,
orally administered engineered EcN delivered the het-
erologous GLP-1 to restore the disturbed microbiota
by increasing the levels of beneficial Prevotella while
suppressing the relative abundances of Akkermansia
and Oscillospira, increasing intestinal vulnerability
to oxidative stress [135]. The mice demonstrated (1)
improved PD symptoms: the motor deficits were ame-
liorated, indicated by the increased total moving dis-
tance in the open-field test and decreased latency time
in the pole test; (2) improved neuropathologic dam-
ages in the substantia nigra: decreased Ibal-positive
microglia and GFAP-positive astrocyte, indicating
suppressed microglia/astrocyte activation, reduced
synapse-damaging o-Syn density, and rescued tyros-
ine hydroxylase (TH)-positive dopaminergic neuronal
loss; and (3) suppressed neuroinflammation: pro-
inflammatory cytokines (IL-1p, TNF-a, and IL-6) were
significantly downregulated, achieved by enhancing
p-AKT/AKT (protein kinase stimulating cell growth
and proliferation) while inhibiting p-IkB-a (inhibitor
of NF-«B, transcription factor that increases produc-
tion of inflammatory mediators), TLR4 (a transmem-
brane receptor that recognises Gram-negative LPS and
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triggers a pro-inflammatory response), and p—p65/p56
(interferon-inducible kinase) [135]. Furthermore, EcN-
GLP-1 ameliorated permeability and inflammation
in the colon of PD mice by elevating the levels of the
tight junction proteins and decreasing pro-inflamma-
tory markers, further providing neuroprotection from
peripheral inflammation associated with the pathogen-
esis in PD [135].

In summary, gut EcN-GLP-1 modulated brain-resi-
dent microglia in these three aspects:

1. Decreased Ibal™ microglia, implicating less microglia
activation;

2. Reduced a-Syn, activators of microglia; and

3. Down-regulated pro-inflammatory cytokines and
signalling molecules, markers of M1 microglia.

Overall, EcN-GLP-1 demonstrated significant
anti-inflammatory effects in both the colon and the
substantia nigra, and created a CNS immune microen-
vironment unfavourable to microglial M1 phenotype,
improving PD neuropathology and outcome. However,
the cause-and-effect relationship among these three
results should be delineated:

1. The a-Syn reduction is a cause of the decreased
microglia activation and downregulated pro-inflam-
matory mediators. Neuron-released a-Syn can acti-
vate microglia via the binding to TLR4, inducing
IL-1B and TNF-a upregulation [136] and triggering
NE-«kB-p62-mediated synucleinphagy that clears
a-Syn. As a result, with a-Syn reduced, microglia
activation is down-regulated, preventing further neu-
roinflammation and neurodegeneration [105].

2. The exact function of GLP-1 is, therefore, undeter-
mined. If GLP-1 is to facilitate «-Syn clearance, more
microglia should be activated, and thus higher levels
of pro-inflammatory mediators. Yet, this was con-
trary to the observed results. It is, thus, likely that
GLP-1 provides neuroprotection by suppressing
excessive microglia activation, which leads to neu-
roinflammation damaging to neurons as well, once
a-Syn clearance is complete.

3. However, the observed effects are affected by the
timepoints when tissue samples are collected and
analysed. The closer to the time when mice received
EcN-GLP-1 treatment, the more inflammatory the
substantia nigra might be. Therefore, increasing
sample collection timepoints might help delineate if
GLP-1 is pro-inflammatory or anti-inflammatory for
the brain. If it is pro-inflammatory, more microglia
activation should be observed at early post-treatment
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timepoints, compared to those PD mice without
EcN-GLP-1 treatment.

Despite the inexact working mechanism of GLP-1, the
overall treatment outcome in PD mice is positive. Clini-
cal trials in human are expected to examine the therapeu-
tic effects of ECN-GLP-1 in PD patients. In the following
years, ECN-GLP-1 might inspire more engineered probi-
otic platforms for the treatment of gut—brain disorders.

Discussion

M1 or M2: microglia are modified differently according

to neuropathological contexts.

The engineering of microglia is bi-directional—one
is promoting their polarisation towards an M1 (pro-
inflammatory) phenotype, while the other is suppress-
ing microglia hyperactivation to transform them into
an M2 (anti-inflammatory) phenotype. Which direction
to choose depends on the neuropathological context. In
neurological diseases, where neuroinflammation is one
of their causes, such as AD, in which misfolded protein
aggregates induce excessive M1 microglia, more M2
microglia are warranted to suppress the adverse CNS
immune response. However, in diseases, such as glioblas-
toma, where a stronger immune response is warranted to
recognise and destroy cancer cells, more M1 microglia
are required to enhance the CNS immune response by,
for instance, the release of pro-inflammatory cytokines
and recruitment of peripheral immune cells. Therefore,
the engineering of microglia should be highly matched to
the neuropathological contexts to which they are applied.

Beyond M1 and M2

Although most of the experimental evidence is built
upon the canonical central tenets of the M1/M2 schema,
it has been questioned whether M1/M2 polarisation
does exist. First, instead of organising into a “spectrum”
of activation states extending from M1 to M2, microglia
can display “multidimensional” activation states in the
shape of a 3D stellate polyhedron, with M1/M2 buried
as baseline inside the polyhedron [137, 138]. Second, the
coherence of M1/M2 marker expression is questionable.
Although the usage of M1/M2 markers simplifies the
determination of the expression profile and functional
state of microglia, the results often fail to be replicated
by unbiased expression profiling by scRNA-seq, due to
the co-expression or absence of both polarisation mark-
ers [138-141]. Finally, the sequential microglial response
to injury or infection—early M1 pro-inflammatory
activities followed by M2 anti-inflammatory states ben-
eficial for repair—is not consistently established and is
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context-dependent. The local environment and stimuli
exposure together determine the outcomes [142]. For
example, although M2 markers are generally anti-inflam-
matory and can alleviate neurodegeneration, ARG1 is
a robust pro-neurodegeneration exception [119, 143].
Taking all these into consideration, we should be more
careful when deploying M1/M2 polarisation as the out-
come criterion of microglial engineering, as the markers
chosen can be biased, not fully representing microglial
transcriptomic profile, and might lead to unwanted func-
tional states. Therefore, the contexts should be carefully
considered to avoid misleading interpretations derived
from M1/M2 polarisation.

Especially, emergent techniques such as scRNA-seq
and spatial omics analyses have greatly challenged the
classical view of M1 and M2. Increasingly resolved
single-cell transcriptomics for microglia enable the
transcriptome-based classification of microglia. This
single-cell resolution leads to the discovery of far more
microglial subtypes between the two extremes, M1 and
M2, on the spectrum. Microglia demonstrate extensive
spatial and temporal heterogeneity in different neuro-
anatomical destinations, as revealed by Masuda et al. [4].
From embryonic to postnatal stages of mice, spatiotem-
poral diversity of microglia subclasses decreases, by half,
to only four new microglial subtypes, highly express-
ing microglial homeostatic genes Tmem119, Selplg and
Slc2a5 [4]. Compared with the embryonic forebrain,
IBA1" microglia in the cortex dramatically eliminate the
immunoreactivities of APOE and CTSB while unlocking
CST3 and SPARC expression [4]. These expression pro-
files of microglia indicate their dynamic and differential
roles in different spatial and temporal contexts, as com-
prehensively summarised in Masuda et al’s review [5].
Elucidation of subtype-based functional heterogeneity
has pros and cons for microglia re-engineering: on one
hand, this increases targeting efficiency to specific spa-
tiotemporal neuropathological contexts; on the other
hand, however, this adds complexity and difficulty to
controlling microglial states by genetic engineering or
therapeutic modulation.

Genetic targeting VS therapeutic modulation

Genetic targeting and therapeutic modulation are two
mainstream methods of reprogramming microglia.
Each has advantages and limitations. Genetic engineer-
ing of microglia has a more potent and direct effect,
yet it is largely irreversible. Microglia in a “permanent”
state, either M1 or M2 phenotype, are not beneficial
for the long-term homeostasis of brain health. Hence-
forth, there should be a long-term activity monitoring
of these genetically engineered microglia in the brain
to prevent undesirable consequences. In contrast,
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therapeutic modulation of microglial activity is more
reversible and tuneable, depending on the half-life and
physiochemical properties of delivered therapeutics.
However, off-target and side effects are more promi-
nent in therapeutic modulation as therapeutics’ tar-
geting efficiency on microglia is often unsatisfactory.
Frequently, other non-microglia cells taking up these
therapeutics will be affected functionally.

Therefore, the choice of re-engineering method
should be carefully thought through and tailored to
different neuropathological contexts, with various
severeness degrees. For example, genetic engineering
of microglia is preferred in late-stage AD than in early
stage AD, as more potent and long-lasting therapeutic
effects are warranted to attenuate or reverse severe AD
symptoms. For milder AD, therapeutic effects offered
by microglial modulation might be sufficient. Moreo-
ver, it is suggestible to combine two reprogramming
strategies, when complications of different neurological
diseases occur, to achieve an optimal clinical outcome.
Therapeutic modulation can be coupled to modify the
performance of genetically engineered microglia to
bring out the maximal therapeutic benefits.

No clinical evidence: why? Limitations and future
directions

There is currently no clinical evidence for re-engineered
microglia in treating neurological diseases in humans.
This is probably due to (1) the re-engineering techniques
are not mature and efficient enough, given that microglia
fail to recapitulate in vitro states without CNS-derived
cues, and microglia are often resistant to some forms of
DNA manipulation; (2) the unignorable discrepancies
between human and mouse microglia call for adjust-
ments in engineering targets and delivery methods; (3)
our understanding of microglia and their relationship
with neurological diseases in humans is not complete and
well-developed, making the results of applying engineered
microglia full of uncertainties; (4) given the complexity
and vulnerability of human CNS, treatment delivered to
the brain should reach high levels of safety, which requires
even more tests on animals, and thus the longer time
required before clinical trials; (5) moreover, the targeting
efficacy of microglia needs improvement to minimise oft-
target and side effects; and (6) the penetrability of thera-
peutics across BBB is always a primary concern. Certainly,
there is still a long way to go for engineered microglia
from bench to bedside. Henceforth, a deeper understand-
ing of microglia’s role in CNS health and disease, and an
improvement in engineered microglia’s targeting efficacy
and BBB penetrability are warranted to enable them to
treat neurological diseases in patients.
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Future directions

One important step forward, as described in 2.5., is to
expand in vitro experiments in human cell lines. Several
platforms are currently available. One is for generat-
ing and manipulating human microglial states in differ-
ent neuropathological contexts, while the others are for
uncovering regulators of microglial disease states, lever-
aging the power of CRISPR technology. Utilising patient-
derived microglia, incorporation of engineered microglia
into 3D brain organoid models, and transplantation of
engineered microglia into humanised animal models are
future directions to advance our understanding of micro-
glia’s role in different neuropathological diseases. Knowl-
edge, e.g., key genes regulating microglial states, gained
by screening using these platforms can provide more
accurate engineering targets, generating re-programmed
microglia that exert optimal therapeutic effects for neu-
rological disease treatment.

Especially, incorporating engineered microglia into 3D
brain organoid models facilitates the evaluation of their
in vitro therapeutic efficacy in alleviating neuropatholo-
gies. Patient-derived brain organoids, at the interface of
in vitro and in vivo, are a promising model that can reca-
pitulate patients’ genetic architecture and in vivo neuro-
physiological pathological features. Compared with 2D
stem cell lines, 3D brain organoids are advantageous in
their self-organising ability and fuller recapitulation of
the in vivo tissue architecture and physiological environ-
ments, enabling more multiplexed intercellular inter-
actions [144]. Unlike astrocytes and oligodendrocytes,
which develop from the neuroectoderm, microglia are
derived from the embryonic mesoderm, the origin of the
hematopoietic system. Therefore, the brain organoids
often lack microglia and require external supplementa-
tion. There are several methods of integrating micro-
glia: (1) vascularising the brain organoids could not only
introduce microglia but also provide a constant supply
of oxygen and nutrients, enabling better expansion of
neural progenitors [145]; (2) coculturing hPSC-derived
neural progenitor cells and primitive macrophage pro-
genitors, which later differentiate into microglia [146];
and (3) directly seeding differentiated microglia into the
brain organoids [147]. Besides these methods, however,
Ormel et al. proposed that microglia can innately develop
within cerebral organoids under proper induction, and
these organoid-grown microglia demonstrated remark-
able mimicry to those isolated from post-mortem human
brain tissues [148]. It is suggestible to adopt Ormel et al’s
protocol to generate microglia-containing brain organoids
that more fully recapitulate neuron-glia interactions
in specific neuropathological contexts, enabling bet-
ter evaluation of the modulatory effects of incorporated
re-engineered microglia. Furthermore, as the in vitro
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incorporation is controllable temporally and spatially,
extensive experimental testing enables the optimised and
personalised delivery methods (doses, neuroanatomical
location, injection frequency, etc.) in a clinical setting for
different patients. In vivo transplantation of engineered
human induced pluripotent stem cell-derived microglia
with inhibitor-resistant CSF1R has been recently achieved
to robustly replace endogenous microglia, indicating the
promising translational values of engineered microglia
transplantation [149].

Besides genetic targeting of microglia, modulation
of microglial organelles can be a promising direction.
One suggestible focus is mitochondria, the powerhouse
of microglia. Mitophagy, the removal of damaged and
superfluous mitochondria through autophagy, is crucial
for maintaining proper microglial functions. Microglial
mitophagy determines mitochondrial health, signifi-
cantly influencing phagocytosis efficiency and control-
ling immune response as mitochondria coordinate the
production of ROS and immune signalling molecules,
key contributors to the neuroinflammation [150, 151].
Mitochondria released from fragmented microglia even
activate astrocytes and propagate inflammatory neuro-
degeneration [152]. Microglial mitochondria dysfunction
has thus been implicated in many neurological diseases.
Henceforth, we suggest future therapeutic strategies tar-
get mitochondrial genetic deficits and restore their nor-
mal functions in microglia.

Conclusion

Microglial engineering is an emerging strategy for treat-
ing neurological diseases. In this review, we have summa-
rised the current development of genetic targeting and
therapeutic manipulation of microglia to treat different
neurological diseases, including neurodegenerative dis-
eases, neuropsychiatric diseases, autoimmune diseases,
and glioblastoma/glioma. Several delivery vehicles for
therapeutics have been reviewed, ranging from nanopar-
ticles to extracellular vesicles, and achieving microglial
manipulation through interactions with other engineered
cells, including stem cells and microbes. The pros and
cons of each engineering method and factors impeding
their clinical trials have also been discussed. This review
aims to draw more attention to their potential and pro-
vide directions on which future research can work to
propel the application of engineered microglia in treating
various neurological disorders.
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