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Microglia play a crucial role in maintaining homeostasis of the central nervous
system and they are actively involved in shaping the brain’s inflammatory response
to stress. Among the multitude of involved molecules, purinergic receptors and
enzymes are of special importance due to their ability to regulate microglia
activation. By investigating the mechanisms underlying microglial responses and
dysregulation, researchers can develop more precise interventions to modulate
microglial behavior and alleviate neuroinflammatory processes. Studying gene
function selectively in microglia, however, remains technically challenging. This
review article provides an overview of adeno-associated virus (AAV)-based
microglia targeting approaches, discussing potential prospects for refining these
approaches to improve both specificity and effectiveness and encouraging future
investigations aimed at connecting the potential of AAV-mediated microglial
targeting for therapeutic benefit in neurological disorders.
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1 Introduction

As resident immune cells of the central nervous system (CNS), microglia play a pivotal
role in CNS homeostasis. Microglia most likely derive from progenitor cells in the yolk sac
during early embryonic development and migrate into the CNS during fetal development.
Once located in the brain or spinal cord, they proliferate and differentiate into mature
microglia (1). While the earlier accepted dichotomy of proinflammatory M1 and anti-
inflammatory M2 microglia is now being questioned as microglia phenotypes change
throughout time at a rapid pace and acquire the demanded phenotype depending on their
surroundings (2), their activation is being triggered via diverse signaling molecules, including
neurotransmitters, cytokines, and purines (3). Purines and purinergic signaling play a pivotal
role in the regulation of microglial function, making it a crucial pathway to understand in the
context of neuroinflammation. Microglia express various purinergic receptors, such as P2X
(4-6) and P2Y (7) receptors, which respond to the release of ATP and other purines from
damaged or stressed cells. Activation of these receptors can trigger microglial activation,
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migration, phagocytosis, and the release of pro-inflammatory
cytokines, which are essential for the clearance of pathogens and
damaged cells (8). However, dysregulation of purinergic signaling in
microglia has been involved in the progression of neurological
conditions such as neuroinflammation (4), ischemia (9, 10) or
Alzheimer’s disease (11). The genetic targeting of these cells,
therefore, will grant us a better understanding of their role in the
disruptions of CNS homeostasis. Although the selective genetic
targeting of microglia remains a technical challenge, recent
advances in viral vector development have paved the way for cell-
type specific gene transfer.

2 Genetic targeting using the
adeno-associated virus

The adeno-associated virus (AAV) has emerged as one of the
most promising gene delivery platforms in preclinical research (12).
AAV-mediated gene expression is a multi-step process requiring
AAV attachment to the cell surface, internalization, lysosomal
transport and escape, nuclear entry, release of the viral genome
(uncoating), and successful replication of the ssDNA genome that
finally enables the transcription into coding RNA (13). In principle,
each of the mentioned steps can be targeted to enhance AAV-
mediated microglial gene expression. While modifications of the
viral capsid can influence its affinity for the cell surface, its
internalization into the cell as well as its intracellular processing
(14), the use of microglia-specific promoter and enhancer elements
can ensure targeted gene transcription (15, 16). The specificity of gene
expression can be further increased on a post-transcriptional level by
using target sequences for cell-specific miRNAs (16, 17).

So far, microglia targeting with AAV vectors has either been
studied in vitro using primary rodent cells (15, 18, 19) or in vivo using
rodent models. Multiple in vivo studies have investigated retinal
microglia (20-23) probably because local AAV administration
(subretinal or intravitreal) restricts the viral biodistribution to the
eye, thereby preventing off-target transduction (e.g. of hepatocytes)
and increasing the contact time between AAV particles and microglia
which might enhance transduction efficiency. For similar reasons,
most of the in vivo studies on brain microglia have been conducted
upon local administration, intraparenchymal (16, 24) or
intracerebroventricular (19). Until very recently, to our knowledge,
no studies were reporting on microglia-targeted AAV's upon systemic
administration in vivo. This changed last year with a groundbreaking
study by Young et al. (25) that will certainly facilitate future research
on microglia. A graphical overview of different AAV targeting
approaches is provided in Figure 1.

2.1 Transduction of microglia by natural
AAV serotypes

Several natural AAV serotypes have been assessed for their
potential to transduce microglia in vitro. Su et al. investigated the
transduction efficiency of AAV?2, 5, 6, 8 & 9 in neonatal and adult
microglia cultures from C57/BL6 mice, employing the strong and
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ubiquitous CMV promoter (18). Microglial transgene expression
was achieved with all tested AAV serotypes. While the expression
strengths of AAV2, AAV5 and AAV9 ranged at similar level, AAV6
and AAS8 yielded more profound transgene expression. Upon
incubation with primary cells, AAV6 showed an 80-fold higher
and AAV8 a 25-fold higher microglial transgene expression
compared to AAV2 (18). Conflicting results, however, were
reported in another study, claiming that primary neonatal mouse
microglial were not permissive for AAV1-9 as well as for AAVRh10,
whereas mixed neuroglia cultures showed neuronal and astrocytic
transgene expression upon incubation with the same vector
preparations (19). The reason for the observed differences
remains unknown but might be related to potential differences in
the used vector amount or other non-reported experimental details.
The ability of AAVS to transduce microglia, at least, was recently
also confirmed in vivo. Chandler et al. showed that, subretinal
injection of recombinant AAV8 vectors does not only induce ocular
infiltration of peripheral immune cells but also mediated AAV-
derived GFP expression in retinal microglia by use of the strong and
ubiquitous CAG promoter (20). While all of the above-mentioned
studies utilized non-specific promoters, cell type-specific promoter
elements are a possible way to limit transgene expression to
microglia. Certain elements in the 5 untranslated regions of the
genes for Hexosaminidase B and CD86 have been shown to allow
for a strong and more selective gene expression after transfecting
the human and murine microglia cell lines C20 and SIM-A9 (15).

In another approach AAV9 vectors were equipped with a 1.7-kb
promoter region derived from the myeloid cell-specific gene Ibal, as
well as two sets of 4-tandem copies complementary to miR-9 and
miR-129-2-3p (16). Vectors were applied by direct parenchymal
brain injection. Analysis conducted one-week post-injection
indicated successful microglial transduction by the Ibal
promoter-driven vector constructs which was accompanied by
substantial transduction of non-microglia cells especially in the
cerebral cortex. While only about 2% of GFP-positive cells in the
cerebral cortex expressed the monocyte marker Ibal, about 70%
and 85% of GFP-positive were co-stained for Ibal in the striatum
and cerebellum, respectively. Addition of the targeting elements for
miR-9 and miR-129-2-3p drastically increased targeting specificity
resulting in 85% targeting specificity for the cerebral cortex as well
as 100% specificity for striatum and cerebellum. This was confirmed
by immunolabeling of the brain sections for Ibal, transgenic GFP as
well as TMEM119, a highly specific microglial marker not expressed
by CNS macrophages, dendritic cells, infiltrating monocytes, or
other immune or neural cell types. Moreover, possible transduction
of astrocytes was excluded by immunostaining for GFAP, proving
absence of GFAP/GFP double-positive cells (16).

2.2 Point mutations in the AAV capsid that
enhance microglia transduction

In 2014 Pandya et al. developed an AAV6 triple mutant T492V/
Y705F/Y731F (=TM6) to optimize intracellular trafficking, thereby
enhancing transduction of monocyte-derived dendritic cells (26).
The group of Chakrabarty compared the triple mutant AAV TM6
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AAV-based microglia targeting approaches. Overview of AAV vectors that have successfully been used to transduce microglia. (A) AAV6 and AAV8
were shown to efficiently transduce primary microglia in vitro when employing the ubiquitous CMV promoter (18), while the AAV6 capsid mutant
AAV TM6 in combination with the F4/80 or CD68 promoter showed specificity for microglia upon incubation with primary microglia, astrocytes and
mixed neuroglia (19). (B) The AAV6 capsid mutants AAV TM6 and AAV6A4 showed successful microglia transduction in vivo upon intravitreal and
subretinal injection when employing the CD68 promoter (21). AAV8 in combination with the ubiquitous CAG promoter was shown to transduce
microglia upon intravitreal injection (20). (C) AAV5, AAV TM6, AAV8, AAV9 and the AAV9 peptide-displaying variants MG1.1 and MG1.2 successfully
transduced microglia upon intraparenchymal brain injection while assessing transgene (mScarlet) expression by inducible vectors in cre-positive
mice (24). AAV9-mediated microglia-specific transgene expression upon intraparenchymal brain injection was further enhanced by employing the
Ibal promoter and targeting elements for miR-9 and miR-129-23 in four copies each (16). (D) The AAV9 peptide-displaying variants ALAVPFR,
ALAVPFK, HGTAASH, and YAFGGEG were recently shown to transduce microglia and macrophages with high efficiently even upon intravenous
injection in mice. Gene expression was accomplished by employing the CD11b promoter (25). This figure was generated with Biorender.com.

FIGURE 1

to the serotypes AAV1-9 as well as AAVRhI0 on primary mouse
mixed neuroglial and microglia cultures (19). Indeed, AAV6 TM6
in combination with the promoters F4/80 or CD68 enabled efficient
microglial transduction and gene expression in vitro. Upon
intracerebroventricular injection in mice, microglia transduction
was most specific using the F4/80 promoter (about 70-80% of GFP-
positive cells were also positive for Ibal) but overall transduction
efficacy was modest (19). Another group, investigated the same
TM6 vector construct with CD68 promoter in vivo within the
retinal environment (21). In their in vivo experiments, Maes et al.
utilized adult C57BL6/] mice and a mouse model of photoreceptor
degeneration (Pde6b™10*41%) " Different delivery routes, including
subretinal and intravitreal injections, were used to introduce the
AAV to adult mice to target microglia in distinct retinal layers.
Further, the effect of optic nerve crush on microglial transduction
by AAV was investigated. While optic nerve crush failed to enhance
microglial transduction, the delivery route strongly influenced
layer-specific transduction of microglia. Intravitreal AAV
injection was shown to favor microglial transduction in the inner
retinal layers, whereas subretinal injection was favored microglial
transduction in the outer plexiform layer (OPL). Flow cytometry
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revealed mean transduction efficiencies of 45% and 25% for
intravitreal and subretinal injections, respectively. In a next step,
Maes et al. introduction four additional mutations (K459S, K493S,
K531E, R576Q) in the AAV capsid that had been shown to reduce
AAV binding to heparan sulfate proteoglycan (HSPG). The
resulting AAV6** variant demonstrated a two-fold increase in
OPL microglia transduction in certain analyzed regions, whereas
microglia transduction in the inner plexiform layer remained
unchanged indicating limitations in lateral diffusion (21).

2.3 Directed evolution of AAV
capsid libraries

Inserting targeting peptides into the receptor binding region of
the AAV capsid is an efficient way to re-direct viral tropism to novel
cellular target structures and the screening of so-called random
AAV display peptide libraries has already yielded multiple tissue- or
cell type-specific AAV variants (27-31). In a study conducted in
2022 Lin et al. report on the directed evolution of AAV vectors for
efficient gene delivery to microglia (24). They applied a Cre-based
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AAV targeted evolution strategy (32) and employed a peptide
library displayed on the capsid of AAV9 between the amino acids
A588 and 589 that was screened over two selection rounds on
primary murine microglia. The two most strongly enriched AAV
variants, AAV-cMG.QRP and AAV-cMG.WPP, were tested,
showing higher efficiency than the wild type but still only
labelling a small proportion of microglia (24). To improve
transduction, a peptide library of additional AAV-cMG.WPP
variants was generated through semi-random mutagenesis and
screened in vivo upon intraparenchymal brain injection into
Cx3cr1““*® mice. Two highly enriched capsid variants, named
AAV-MG1.1 and AAV-MG1.2, were identified after two
subsequent screening rounds. These variants demonstrated strong
and widespread mScarlet expression in all brain areas tested when
packaged with a Cre-dependent reporter vector and injected into
the brains of Cre-positive mice (24). The transduction efficiency of
AAV-MGI1.1 and AAV-MG1.2 was higher than that of parental
AAV-cMG.WPP capsid as well as of AAV5, AAVS8, AAVY and the
already discussed AAV TM6 variant harboring the Y731F/Y705F/
T492V triple mutation (19). Furthermore, the transgene expression
driven by AAV-MGs was restricted to microglia, as confirmed by
selective labelling in different mouse models. While these AAV-
MGs showed enhanced in vivo transduction of microglia, they did
not effectively transduce cultured mouse microglia.

A similar approach, also employing an AAV9-displayed peptide
library, was conducted very recently (25). In the study by Young
etal. (25), however, the AAV display peptide library was screened in
vivo, upon systemic injection in mice. The systemic screening
approach allowed for the identification of AAV variants that, for
the first time, enable blood-brain barrier penetration followed by
subsequent transduction of CNS microglia. Several of the identified
novel AAV variants demonstrate remarkable efficiency in
transducing microglia in vivo. The two most efficient AAV
variants, displaying the peptides YAFGGEG and HGTAASH,
achieved transduction rates of up to 80% which is higher than
what has ever been achieved before. Unfortunately, though, these
variants lack specificity. Despite using the phagocyte-specific Cd11b
promoter, Young et al. observed more than 5% positive neurons and
oligodendrocytes, 12.5% positive astrocytes as well as over 30%
positive endothelial cells. As microglia only represent a small
fraction of all brain cells, the absolute number of transduced
neurons, oligodendrocytes and astrocytes in fact will be far higher
than the number of transduced microglia. Further, the AAV
variants identified by Young et al. do not distinguish between
CNS microglia and tissue-resident macrophages, all of which are
transduced quite efficiently. Potential oft-target transduction of
other cell types in peripheral organs has not been evaluated.
Nevertheless, this breakthrough for the first enables global
modulation of microglial gene expression in vivo and therefore
holds great potential for biomedical research.

3 Perspectives

The studies reviewed here have collectively demonstrated
significant progress in the development of microglia-targeted
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AAV vectors. These developments hold great promise for
potential therapeutic applications in neurological disorders. The
utilization of novel AAV variants capable of efficiently transducing
these cell populations in vivo represents a significant step forward in
the field of gene therapy. However, despite these notable
advancements, several limitations of current studies should be
acknowledged and addressed.

One limitation is the requirement for local administration of
many AAV vectors (16, 19-24, 33). While the so-far described
locally administered microglia-targeted AAVs only achieve
moderate transduction efficacy, systemic injection requires high
target specificity to avoid adverse effects such as liver toxicity and
thrombocytopenia. Although systemic injection has been
investigated by Young et al., the desired specificity in
distinguishing between microglia and non-microglial cells has not
been achieved yet (25). To overcome this limitation, future
screening efforts of AAV libraries could employ more stringent
cell sorting techniques. For example, instead of solely isolating
single cells with anti-CD11b antibody (monocytes), screening could
be repeated with a focus on sorting for CD45 low/intermediate cells
that also express high levels of CD11b (CD45"", CD11b"#") (34).
The introduction of additional point mutations at positions such as
W503 within the AAV9 capsid (35) might help to further limit off-
target transduction. Such refined approach may enhance the
specificity of AAV vectors for microglial targeting while
minimizing off-target effects. Since AAV tropism can also be re-
targeted by the insertion of specific nanobodies into the AAV capsid
(36), nanobodies against cell surface molecules highly expressed by
microglia such as the P2X7 receptor (6) might serve as additional
AAV targeting moieties in the future.

It is also important to note that all studies conducted thus far have
been performed in rodent models. While rodents serve as valuable
models for basic and preclinical research, there is a need to validate the
efficacy and safety of current AAV variants in non-human primates
(NHPs) or human tissue samples. Inter-species differences in AAV
tropism may exist, requiring further investigation (29, 37-39).
Alternatively, screening efforts could be expanded to include AAV
capsid libraries in NHPs or human tissue to identify novel variants with
enhanced specificity and efficacy for microglial targeting.

In conclusion, while recent studies have made significant
advances in developing AAV vectors for microglia, important
challenges and opportunities for improvement remain. Addressing
the limitations will be essential for advancing the field and
appreciating the full therapeutic potential of microglial-targeted
gene therapy.

Author contributions

MS: Visualization, Investigation, Writing — review & editing,
Writing — original draft. BR: Visualization, Writing - review &
editing, Writing - original draft. TM: Funding acquisition,
Writing - review & editing, Writing - original draft,
Conceptualization. JK: Writing — review & editing, Writing -
original draft, Supervision, Funding acquisition, Conceptualization.

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1425892
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Stamataki et al.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Deutsche Forschungsgemeinschaft (DFG)
(project number 335447717; SFB1328, project A13 to TM and JK
and project Z02 to BR). Publication fees were covered by the DFG
Open Access Publication Funding Programme.

Acknowledgments

We gratefully acknowledge discussions with members of the
ENDomics & ERSI laboratories and members of SFB1328.

References

1. Ginhoux F, Lim S, Hoeffel G, Low D, Huber T. Origin and differentiation of
microglia. Front Cell Neurosci. (2013) 7:45. doi: 10.3389/fncel.2013.00045

2. Guerrero BL, Sicotte NL. Microglia in multiple sclerosis: friend or foe? Front
Immunol. (2020) 11:374. doi: 10.3389/fimmu.2020.00374.

3. Woodburn SC, Bollinger JL, Wohleb ES. The semantics of microglia activation:
neuroinflammation, homeostasis, and stress. ] Neuroinflamm. (2021) 18:258.
doi: 10.1186/s12974-021-02309-6

4. Zabala A, Vazquez-Villoldo N, Rissiek B, Gejo J, Martin A, Palomino A, et al.
P2X4 receptor controls microglia activation and favors remyelination in autoimmune
encephalitis. EMBO Mol Med. (2018) 10(8):e8743. doi: 10.15252/emmm.201708743

5. Monif M, Reid CA, Powell KL, Smart ML, Williams DA. The P2X7 receptor drives
microglial activation and proliferation: a trophic role for P2X7R pore. ] Neurosci.
(2009) 29:3781-91. doi: 10.1523/JNEUROSCI.5512-08.2009

6. Pinto-Espinoza C, Guillou C, Rissiek B, Wilmes M, Javidi E, Schwarz N, et al.
Effective targeting of microglial P2X7 following intracerebroventricular delivery of
nanobodies and nanobody-encoding AAVs. Front Pharmacol. (2022) 13:1029236.
doi: 10.3389/fphar.2022.1029236

7. Hickman SE, Kingery ND, Ohsumi TK, Borowsky ML, Wang LC, Means TK, et al.
The microglial sensome revealed by direct RNA sequencing. Nat Neurosci. (2013)
16:1896-905. doi: 10.1038/nn.3554

8. Wang WY, Tan MS, Yu JT, Tan L. Role of pro-inflammatory cytokines released
from microglia in Alzheimer's disease. Ann Transl Med. (2015) 3:136. doi: 10.3978/
j.issn.2305-5839.2015.03.49

9. Arbeloa J, Pérez-Samartin A, Gottlieb M, Matute C. P2X7 receptor blockade
prevents ATP excitotoxicity in neurons and reduces brain damage after ischemia.
Neurobiol Dis. (2012) 45:954-61. doi: 10.1016/j.nbd.2011.12.014

10. Cisneros-Mejorado A, Gottlieb M, Cavaliere F, Magnus T, Koch-Nolte F, Scemes
E, et al. Blockade of P2X7 receptors or pannexin-1 channels similarly attenuates
postischemic damage. J Cereb Blood Flow Metab. (2015) 35:843-50. doi: 10.1038/
jcbfm.2014.262

11. Lee HG, Won SM, Gwag BJ, Lee YB. Microglial P2X(7) receptor expression is
accompanied by neuronal damage in the cerebral cortex of the APPswe/PS1dE9 mouse
model of Alzheimer's disease. Exp Mol Med. (2011) 43:7-14. doi: 10.3858/
emm.2011.43.1.001

12. Kang L, Jin S, Wang J, Lv Z, Xin C, Tan C, et al. AAV vectors applied to the
treatment of CNS disorders: Clinical status and challenges. J Control Release. (2023)
355:458-73. doi: 10.1016/j.jconrel.2023.01.067

13. Riyad JM, Weber T. Intracellular trafficking of adeno-associated virus (AAV)
vectors: challenges and future directions. Gene Ther. (2021) 28:683-96. doi: 10.1038/
541434-021-00243-z

14. Buning H, Srivastava A. Capsid modifications for targeting and improving the
efficacy of AAV vectors. Mol Ther Methods Clin Dev. (2019) 12:248-65. doi: 10.1016/
j.omtm.2019.01.008

15. Shah S, Wong LM, Ellis K, Bodnar B, Saribas S, Ting J, et al. Microglia-specific
promoter activities of HEXB gene. Front Cell Neurosci. (2022) 16:808598. doi: 10.3389/
fncel.2022.808598

16. Okada Y, Hosoi N, Matsuzaki Y, Fukai Y, Hiraga A, Nakai J, et al. Development
of microglia-targeting adeno-associated viral vectors as tools to study microglial
behavior in vivo. Commun Biol. (2022) 5:1224. doi: 10.1038/s42003-022-04200-3

Frontiers in Immunology

10.3389/fimmu.2024.1425892

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

17. Merlin S, Follenzi A. Transcriptional targeting and microRNA regulation of
lentiviral vectors. Mol Ther Methods Clin Dev. (2019) 12:223-32. doi: 10.1016/
j.omtm.2018.12.013

18. Su W, Kang J, Sopher B, Gillespie J, Aloi MS, Odomet GL, et al. Recombinant
adeno-associated viral (rAAV) vectors mediate efficient gene transduction in cultured
neonatal and adult microglia. ] Neurochem. (2016) 136 Suppl 1:49-62. doi: 10.1111/
jnc.13081

19. Rosario AM, Cruz PE, Ceballos-Diaz C, Strickland MR, Siemienski Z, Pardoet
M, et al. Microglia-specific targeting by novel capsid-modified AAV6 vectors. Mol Ther
Methods Clin Dev. (2016) 3:16026. doi: 10.1038/mtm.2016.26

20. Chandler LC, McClements ME, Yusuf TH, Martinez-Fernandez de la Camara C,
MacLaren RE, Xue K. Characterizing the cellular immune response to subretinal AAV
gene therapy in the murine retina. Mol Ther Methods Clin Dev. (2021) 22:52-65.
doi: 10.1016/j.omtm.2021.05.011

21. Maes ME, Wogenstein GM, Colombo G, Casado-Polanco R, Siegert S.
Optimizing AAV2/6 microglial targeting identified enhanced efficiency in the
photoreceptor degenerative environment. Mol Ther Methods Clin Dev. (2021)
23:210-24. doi: 10.1016/j.0mtm.2021.09.006

22. Langer PM, Ward A, BellOH,, Clare AJ, Chu C, Chan YK, et al. Intravitreal AAV
delivery causes long-term subclinical microglia activation in mice. Invest Ophthalmol
Visual Sci. (2023) 64:781-1.

23. John M, Quinn J, Chandler L, MacLaren RE, Xue K. Gene therapy-associated
retinal inflammation may arise from AAV transduction of resident microglia. Invest
Ophthalmol Visual Sci. (2023) 64:772-2.

24. Lin R, Zhou Y, Yan T, Wang R, Li H, Wu Z, et al. Directed evolution of adeno-
associated virus for efficient gene delivery to microglia. Nat Methods. (2022) 19:976-85.
doi: 10.1038/s41592-022-01547-7

25. Young A, Neumann B, Segel M, Chen CZY, Tourlomousis P, Franklin RJM.
Targeted evolution of adeno-associated virus capsids for systemic transgene delivery to
microglia and tissue-resident macrophages. Proc Natl Acad Sci U.S.A. (2023) 120:
€2302997120. doi: 10.1073/pnas.2302997120

26. Pandya J, Ortiz L, Ling C, Rivers AE, Aslanidi G. Rationally designed capsid and
transgene cassette of AAV6 vectors for dendritic cell-based cancer immunotherapy.
Immunol Cell Biol. (2014) 92:116-23. doi: 10.1038/icb.2013.74

27. Korbelin J, Dogbevia G, Michelfelder S, Ridder DA, Hunger A, Wenzel J, et al. A
brain microvasculature endothelial cell-specific viral vector with the potential to treat
neurovascular and neurological diseases. EMBO Mol Med. (2016) 8:609-25.
doi: 10.15252/emmm.201506078

28. Korbelin J, Sieber T, Michelfelder S, Lunding L, Spies E, Hunger A, et al.
Pulmonary targeting of adeno-associated viral vectors by next-generation sequencing-
guided screening of random capsid displayed peptide libraries. Mol Ther. (2016)
24:1050-61. doi: 10.1038/mt.2016.62

29. Liguore WA, Domire JS, Button D, Wang Y, Dufour BD, Srinivasan S, et al.
AAV-PHP.B administration results in a differential pattern of CNS biodistribution in
non-human primates compared with mice. Mol Ther. (2019) 27:2018-37. doi: 10.1016/
jymthe 2019.07.017

30. Krolak T, Chan KY, Kaplan L, Huang Q, Wu J, Zheng Q, et al. A high-efficiency
AAV for endothelial cell transduction throughout the central nervous system. Nat
Cardiovasc Res. (2022) 1:389-400. doi: 10.1038/s44161-022-00046-4

31. Goertsen D, Goeden N, Flytzanis NC, Gradinaru V. Targeting the lung
epithelium after intravenous delivery by directed evolution of underexplored sites on
the AAV capsid. Mol Ther Methods Clin Dev. (2022) 26:331-42. doi: 10.1016/
j.omtm.2022.07.010

frontiersin.org


https://doi.org/10.3389/fncel.2013.00045
https://doi.org/10.3389/fimmu.2020.00374.
https://doi.org/10.1186/s12974-021-02309-6
https://doi.org/10.15252/emmm.201708743
https://doi.org/10.1523/JNEUROSCI.5512-08.2009
https://doi.org/10.3389/fphar.2022.1029236
https://doi.org/10.1038/nn.3554
https://doi.org/10.3978/j.issn.2305-5839.2015.03.49
https://doi.org/10.3978/j.issn.2305-5839.2015.03.49
https://doi.org/10.1016/j.nbd.2011.12.014
https://doi.org/10.1038/jcbfm.2014.262
https://doi.org/10.1038/jcbfm.2014.262
https://doi.org/10.3858/emm.2011.43.1.001
https://doi.org/10.3858/emm.2011.43.1.001
https://doi.org/10.1016/j.jconrel.2023.01.067
https://doi.org/10.1038/s41434-021-00243-z
https://doi.org/10.1038/s41434-021-00243-z
https://doi.org/10.1016/j.omtm.2019.01.008
https://doi.org/10.1016/j.omtm.2019.01.008
https://doi.org/10.3389/fncel.2022.808598
https://doi.org/10.3389/fncel.2022.808598
https://doi.org/10.1038/s42003-022-04200-3
https://doi.org/10.1016/j.omtm.2018.12.013
https://doi.org/10.1016/j.omtm.2018.12.013
https://doi.org/10.1111/jnc.13081
https://doi.org/10.1111/jnc.13081
https://doi.org/10.1038/mtm.2016.26
https://doi.org/10.1016/j.omtm.2021.05.011
https://doi.org/10.1016/j.omtm.2021.09.006
https://doi.org/10.1038/s41592-022-01547-7
https://doi.org/10.1073/pnas.2302997120
https://doi.org/10.1038/icb.2013.74
https://doi.org/10.15252/emmm.201506078
https://doi.org/10.1038/mt.2016.62
https://doi.org/10.1016/j.ymthe.2019.07.017
https://doi.org/10.1016/j.ymthe.2019.07.017
https://doi.org/10.1038/s44161-022-00046-4
https://doi.org/10.1016/j.omtm.2022.07.010
https://doi.org/10.1016/j.omtm.2022.07.010
https://doi.org/10.3389/fimmu.2024.1425892
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Stamataki et al.

32. Deverman BE, Pravdo PL, Simpson BP, Kumar SR, Chan KY, Banerjeeet A, et al.
Cre-dependent selection yields AAV variants for widespread gene transfer to the adult
brain. Nat Biotechnol. (2016) 34:204-9. doi: 10.1038/nbt.3440

33. Mathiesen SN, Lock JL, Schoderboeck L, Abraham WC, Hughes SM. CNS
transduction benefits of AAV-PHP.eB over AAV9 are dependent on administration
route and mouse strain. Mol Ther Methods Clin Dev. (2020) 19:447-58. doi: 10.1016/
j.omtm.2020.10.011

34. Jurga AM, Paleczna M, Kuter KZ. Overview of general and discriminating
markers of differential microglia phenotypes. Front Cell Neurosci. (2020) 14:198.
doi: 10.3389/fncel.2020.00198

35. Shen S, Bryant KD, Sun J, Brown SM, Troupes A, Pulicherla N, et al. Glycan
binding avidity determines the systemic fate of adeno-associated virus type 9. J Virol.
(2012) 86:10408-17. doi: 10.1128/JVI1.01155-12

Frontiers in Immunology

06

10.3389/fimmu.2024.1425892

36. Eichhoff AM, Bérner K, Albrecht B, Schifer W, Baum N, Haag F, et al.
Nanobody-enhanced targeting of AAV gene therapy vectors. Mol Ther Methods Clin
Dey. (2019) 15:211-20. doi: 10.1016/j.omtm.2019.09.003

37. Matsuzaki Y, Konno A, Mochizuki R, Shinohara Y, Nitta K, Okada Y, et al.
Intravenous administration of the adeno-associated virus-PHP.B capsid fails to
upregulate transduction efficiency in the marmoset brain. Neurosci Lett. (2018)
665:182-8. doi: 10.1016/j.neulet.2017.11.049

38. Hordeaux J, Wang Q, Katz N, Buza EL, Bell P, Wilson JM. The neurotropic
properties of AAV-PHP.B are limited to C57BL/6] mice. Mol Ther. (2018) 26:664-8.
doi: 10.1016/j.ymthe.2018.01.018

39. Kremer R, Williams A. AAV-BRI1 does not target endothelial cells in Sprague
Dawley rats unlike in mice. MicroPubl Biol. (2024) 2024. doi: 10.17912/
micropub.biology.001120

frontiersin.org


https://doi.org/10.1038/nbt.3440
https://doi.org/10.1016/j.omtm.2020.10.011
https://doi.org/10.1016/j.omtm.2020.10.011
https://doi.org/10.3389/fncel.2020.00198
https://doi.org/10.1128/JVI.01155-12
https://doi.org/10.1016/j.omtm.2019.09.003
https://doi.org/10.1016/j.neulet.2017.11.049
https://doi.org/10.1016/j.ymthe.2018.01.018
https://doi.org/10.17912/micropub.biology.001120
https://doi.org/10.17912/micropub.biology.001120
https://doi.org/10.3389/fimmu.2024.1425892
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Microglia targeting by adeno-associated viral vectors
	1 Introduction
	2 Genetic targeting using the adeno-associated virus
	2.1 Transduction of microglia by natural AAV serotypes
	2.2 Point mutations in the AAV capsid that enhance microglia transduction
	2.3 Directed evolution of AAV capsid libraries

	3 Perspectives
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


