Microglia Cells, The Brain Innate Immune System: Friend or Foe?
Paladini Maria Serena 2, Feng Xi °, Krukowski Karen * and Rosi Susanna.¢de

aDepartment of Physical Therapy and Rehabilitation Science, University of California at San
Francisco, San Francisco, CA, USA.

bBrain and Spinal Injury Center, University of California at San Francisco, San Francisco,
CA, USA.

°Department of Neurological Surgery, University of California at San Francisco, San
Francisco, CA, USA.

dWeill Institute for Neuroscience, University of California at San Francisco, San Francisco,
CA, USA.

¢Kavli Institute of Fundamental Neuroscience, University of California at San Francisco, San
Francisco, CA, USA.

Corresponding Author:

Susanna Rosi, Ph.D.

Lewis and Ruth Cozen Chair Il

Professor

1001 Potrero Ave,

Zuckerberg San Francisco General Hospital Building #1 Room 101
San Francisco, CA 94110

Tel.: +1-415-206-3708

Susanna.Rosi@ucsf.edu

Highlights

e Microglial cells are the innate immune system of the brain.

e Microglia continuously survey the brain environment maintaining homeostasis.

o Sex differences have been observed in the microglia of naive adult animals.

e Space radiation induces chronic aberrant activation of microglia in a sex-specific
manner

e Microglia depletion and complete repopulation prevents cognitive impairments after

galactic cosmic radiation exposure in male mice.



Abstract Microglial cells are the resident immune cells of the Central Nervous
System (CNS). Under physiological conditions, microglia constantly surveil their surrounding
parenchyma and act as scavenger cells to maintain a healthy environment within the CNS.
Following different insults to the CNS, microglia turn into a “reactive” state characterized by
the production of inflammatory mediators that promote tissue repair to restore homeostasis.
If inflammation is not in check, chronic microglia activation results in damage to the brain
and leads to persistent cognitive impairments. Microglia display sex-specific features in adult
mice; specifically, microglia from female mice have been found to be less reactive. Exposure
to space radiation results in chronic activation of microglia in male but not in female mice.
Interestingly, manipulating microglia after exposure to space radiation can prevent the
development of cognitive deficits in adult male mice. These discoveries may provide clues

in how to protect astronauts’ cognitive functions both during the missions and after return.
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Microglia in the central nervous system: Microglia cells are the resident immune
cells in the central nervous system (CNS). Humans and rodents’ microglia show similar
functions and partially overlapping gene expression patterns and regional distribution’:?;
thus, rodent studies have been used to investigate how these cells develop, proliferate and
react to insults. Microglia originate from myeloid lineage precursors in the yolk sac and
migrate into the CNS during embryonic development®. Upon entry into the CNS, microglia
remain isolated from the peripheral immune system3#“ and maintain their homeostasis solely
by self-renewal®>®. Unlike other types of mononuclear phagocytes in the CNS (meningeal
macrophages, choroid plexus macrophages, epiplexus cells and perivascular
macrophages) which have specific locations, marker profiles and functions, microglia are
highly dynamic and mobile macrophages in the brain parenchyma that present also CNS
glia features’. Microglia present different morphological® and transcriptomic? features during
different phases of development. In the embryonic and early postnatal time window,
microglia display a “generic macrophage”-like amoeboid morphology and expression profile
that indicate activation® and are highly proliferative. In the neonatal mouse brain, microglia
play critical roles in the remodeling of neuronal networks by synaptic pruning, a process
orchestrated by signals from complement cascades, IL33 and CD47, to wire the developing
brain™'-14, Homeostatic adult microglia exhibit a characteristic ramified morphology with long
and dynamic processes that can cover areas up to 10x their soma®. Thanks to these ramified
and dynamic extensions, these cells can continuously scan their environment and have
interactions with neighboring cells'®. Under physiological conditions, microglia are crucial in
maintaining homeostasis and regulating different processes in the CNS. Some of the
mechanisms by which microglia exert their function are engulfing metabolites and debris

from apoptotic cells, secreting trophic factors to support neurons and modeling synapses'>
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Microglia and CNS pathology: One of the key features of microglia is the ability to
quickly respond to pathological conditions (such as insult, infection, disease). Microglia’s
morphology, transcriptome, secretome, migration, and proliferation can quickly change in
response to alterations in the environment. Once “danger signals” such as materials
containing pathogen associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs) are detected, microglia migrate to the damage site and turn
into an amoeboid-like “reactive” morphology to engulf those materials?®. Alongside
phagocytosis, microglia respond to CNS changes by secreting proinflammatory cytokines
such as IL-1B, IL-6 and TNF-a and reactive oxygen species (ROS) that mediate wound
healing and inflammatory responses®?'. Properly and tightly regulated microglia activation
is essential for the brain to return to homeostasis after insults. Nevertheless, when these
cells are overly activated for a long time, the production of proinflammatory cytokines and

ROS can lead to neuronal damage?? and cognitive dysfunctions?®28.

Sex Dimorphism of Microglia: Microglia display sex differences during
development and in the adult rodent brain?®. Sex-specific distinctions have been observed
in gene expression profile, brain distribution and density of microglia in physiological
conditions'”39-32_ Partial overlaps in the transcriptomic signature of murine sex-dimorphic
microglia and human’s brain3?® and fetal microglia®* have been observed, but whether human
microglia also show sex differences is not known and should be assessed. Importantly,
microglia sex dimorphism has been also observed in rodents exposed to various challenges.
Insults to the female mouse brain (such as stroke, Lipopolysaccharide stimulation and
trauma) display a dampened inflammatory response when compared to their male
counterparts®>-38, Microglia gene expression analyses have shown sex-dependent
differential expression patterns that corresponded with a neuroprotective state of female

microglia, and microglia isolated from adults female brain maintain sex-specific features



when transplanted in the male brain®. In line with these results, we previously demonstrated
that space radiation exposure induces a robust and chronic microglia response in males but
not in female adult mice?*. Furthermore, we found a profound sex dimorphism related to
microglia cell function between female and male mice at chronic time points after radiation
exposure. While irradiation resulted in cognitive and behavioral deficits in adult male mice,
females were protected. The altered behavioral and cognitive responses observed only in
male mice corresponded to microglia activation and synapse loss in the hippocampus, the
brain region responsible for learning and memory?*. Nevertheless, studies on sex-dimorphic
activation of microglia after space radiation should be carefully interpreted considering the

different radiation protocol/dosage/mouse strain and brain region analyzed.

Therapeutic strategies to manipulate microglia: Given the duality of microglia
function in response to pathological conditions, manipulation of these cells has been
explored in hope of ameliorating or preventing the deleterious effects associated with
chronic microglia over activation?32526:3%9 Microglia depletion is a novel potential therapeutic
strategy for CNS diseases. Depletion can be effectively achieved through either
pharmacological approaches or genetic manipulations*®. The Colony-Stimulating Factor 1
Receptor (CSF-1R), a tyrosine kinase receptor expressed in leukocytes of the monocytic
lineage -including microglia, monocytes and tissue macrophages- is the main receptor target
for microglia manipulation. In the CNS, the CSF-1R signaling is essential for the migration,
differentiation and survival of microglia*'. Mice with intrinsic disruption of the CSF-1R
signaling are born with brain deficits, further suggesting microglia’s critical roles in CNS
development*2. Disruption of the CSF-1R signaling in the adult brain has not been reported
to cause noticeable cognitive deficits or neurological dysfunctions?32526:43-47 P X5622 is a
CSF-1R inhibitor widely used to deplete microglia?325444548-51 At the dose of 290 parts per

million (ppm, supplemented in chow), PLX5622 can deplete about 50% of CNS microglia in



mice?>4%; and 99% depletion of microglia can be achieved at the dose of 1200 ppm without
associated cognitive deficits?34448-51 Another CSF-1R inhibitor, PLX3397, has been tested
in clinical trials to treat glioblastoma®>®*. However, further studies are needed to evaluate
the suitability of CSF-1R inhibitor for astronauts. It is important to consider that CSF1R
inhibitors, however, can potentially affect also other cells of the peripheral immune response
when delivered systemically. Indeed, it has been demonstrated that 3 weeks of PLX5622
treatment leads to long-term changes in monocytes, macrophages, hematopoietic
progenitor cells and stem cells, that do not recover after cessation of the inhibitor®®. On the
other hand, genetic manipulation methods allow microglia ablation with high cellular
specificity and efficiency®®. With this approach, the expression of a suicide gene — a gene
encoding an enzyme that converts nontoxic prodrug into toxic metabolites, such as
diphtheria toxin receptor (DTR) and thymidine kinase of the herpes simplex virus (HSVTK)®’
- is regulated by a microglia-specific promoter, and cell ablation is triggered by the
administration of the corresponding toxin. The main advantage of these approaches is the
reduced side-effects on other peripheral tissues and hence higher microglia specificity than
pharmacological treatments with CSF-1R inhibitor®®. Due to their self-renewal properties,
another peculiar feature of microglia is that after depletion these cells can fully repopulate
the brain within a few days*°. In light of these reports, microglia depletion and repopulation
has been tested as a therapeutic strategy for neurocognitive deficits in both therapeutic
irradiation and space radiation models?3:25:45:46.49,58

Microglia and space radiation-induced cognitive deficits: Chronic microglia
activation along with behavioral and chronic deficits can be measured months after space
radiation exposure in rodents?32459-65  Qur group discovered that temporary microglia
depletion with PLX5622 (1200 ppm) shortly after helium irradiation prevented the
development of long-term cognitive deficits in male mice?3. In this study we administered

PLX5622 beginning one week after radiation exposure. The animals received PLX5622 for



15 days and then were returned to normal chow for the remainder of the study. Three months
later we tested the ability of the animals to remember a previously encountered item. This
tasks measures recognition memory and is dependent on the integrity of the hippocampus.
Our results demonstrated that brief microglia depletion even after radiation exposure,
followed by full repopulation, completely prevented the development of chronic recognition
memory deficits in male mice. When compared to microglia from the irradiated mice, the
repopulated microglia had a modified functional phenotype with reduced expression of
lysosome membrane protein and complement receptors, all shown to be involved in
microglia-synapses interaction?3. The lower phagocytic activity observed in the repopulated
microglia was paralleled by improved synaptic protein expression. Just recently, another

group replicated these findings®®.

These data provide a mechanistic role for microglial cells in the development of
cognitive deficits in male mice exposed to space irradiation. Furthermore, these reports have
remarkable translatability as they demonstrate the potential for microglia depletion agents
to be administered post radiation exposure to protect astronauts’ cognitive functions during

mission.
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Microglia development and space radiation-induced memory deficits:
Space radiation exposure triggers chronic microglia activation and subsequent memory impairments.
Microglia depletion and complete repopulation prevent memory deficits after space radiation.

Created with biorender.com



Declaration of Competing Interest

The authors declare no competing interest.

Acknowledgements

This work was supported by the National Institutes of Health: NIH/National Institute on Aging
Grant RO1AG056770 (to S.R.); NIH/National Cancer Institute Grants R01 CA213441 and
R0O1 CA246722 (to S.R.), National Aeronautic Space Agency NASA grants

NNX14AC94G and 8ONSSC19K1581 (to S.R.) The figure was created using Biorender.com.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Bibliography

Menassa, D. A. & Gomez-Nicola, D. Microglial Dynamics During Human Brain
Development. Front Immunol 9, 1014, doi:10.3389/fimmu.2018.01014 (2018).

Masuda, T. et al. Spatial and temporal heterogeneity of mouse and human microglia at
single-cell resolution. Nature 566, 388-392, doi:10.1038/s41586-019-0924-x (2019).
Ginhoux, F. et al. Fate Mapping Analysis Reveals That Adult Microglia Derive from
Primitive Macrophages. Science 330, 841 (2010).

Saijo, K. & Glass, C. K. Microglial cell origin and phenotypes in health and disease. Nat
Rev Immunol 11, 775-787, doi:10.1038/nri3086 (2011).

Li, Q. & Barres, B. A. Microglia and macrophages in brain homeostasis and disease. Nat
Rev Immunol 18, 225-242, doi:10.1038/nri.2017.125 (2018).

Elmore, M. R., Lee, R. J., West, B. L. & Green, K. N. Characterizing newly repopulated
microglia in the adult mouse: impacts on animal behavior, cell morphology, and
neuroinflammation. PLoS One 10, 0122912, doi:10.1371/journal.pone.0122912 (2015).
Ransohoff, R. M. & Cardona, A. E. The myeloid cells of the central nervous system
parenchyma. Nature 468, 253-262, doi:10.1038/nature09615 (2010).

Lenz, K. M. & Nelson, L. H. Microglia and Beyond: Innate Immune Cells As Regulators of
Brain Development and Behavioral Function. Front Immunol 9, 698,
doi:10.3389/fimmu.2018.00698 (2018).

Prinz, M., Jung, S. & Priller, J. Microglia Biology: One Century of Evolving Concepts. Cell
179, 292-311, doi:10.1016/j.cell.2019.08.053 (2019).

Bennett, M. L. et al. New tools for studying microglia in the mouse and human CNS. Proc
Natl Acad Sci U S A 113, E1738-1746, doi:10.1073/pnas.1525528113 (2016).

Stevens, B. et al. The classical complement cascade mediates CNS synapse elimination.
Cell 131, 1164-1178, doi:10.1016/j.cell.2007.10.036 (2007).

Schafer, D. P. et al. Microglia sculpt postnatal neural circuits in an activity and complement-
dependent manner. Neuron 74, 691-705, doi:10.1016/j.neuron.2012.03.026 (2012).
Vainchtein, I. D. et al. Astrocyte-derived interleukin-33 promotes microglial synapse
engulfment and neural circuit development. Science 359, 1269-1273,
doi:10.1126/science.aal3589 (2018).

Lehrman, E. K. et al. CD47 Protects Synapses from Excess Microglia-Mediated Pruning
during Development. Neuron 100, 120-134 €126, doi:10.1016/j.neuron.2018.09.017 (2018).
Colonna, M. & Butovsky, O. Microglia Function in the Central Nervous System During
Health and Neurodegeneration. Annu Rev Immunol 35, 441-468, doi:10.1146/annurev-
immunol-051116-052358 (2017).

Hickman, S. E. et al. The microglial sensome revealed by direct RNA sequencing. Nat
Neurosci 16, 1896-1905, doi:10.1038/nn.3554 (2013).

Tay, T. L., Carrier, M. & Tremblay, M. Physiology of Microglia. Adv Exp Med Biol 1175,
129-148, doi:10.1007/978-981-13-9913-8_6 (2019).

Tremblay, M. et al. The role of microglia in the healthy brain. J Neurosci 31, 16064-16069,
doi:10.1523/JNEUROSCI.4158-11.2011 (2011).

Kierdorf, K. & Prinz, M. Microglia in steady state. J Clin Invest 127, 3201-3209,
doi:10.1172/JC190602 (2017).

Nimmerjahn, A., Kirchhoff, F. & Helmchen, F. Resting microglial cells are highly dynamic
surveillants of brain parenchyma in vivo. Science 308, 1314-1318,
doi:10.1126/science.1110647 (2005).

Labzin, L. I., Heneka, M. T. & Latz, E. Innate Immunity and Neurodegeneration. Annu Rev
Med 69, 437-449, doi:10.1146/annurev-med-050715-104343 (2018).

Block, M. L., Zecca, L. & Hong, J. S. Microglia-mediated neurotoxicity: uncovering the
molecular mechanisms. Nat Rev Neurosci 8, 57-69, doi:10.1038/nrn2038 (2007).
Krukowski, K. et al. Temporary microglia-depletion after cosmic radiation modifies
phagocytic activity and prevents cognitive deficits. Scientific reports 8, 7857,
doi:10.1038/s41598-018-26039-7 (2018).

Krukowski, K. et al. Female mice are protected from space radiation-induced maladaptive
responses. Brain Behav Immun 74, 106-120, doi:10.1016/j.bbi.2018.08.008 (2018).



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Feng, X. et al. Colony-stimulating factor 1 receptor blockade prevents fractionated whole-
brain irradiation-induced memory deficits. Journal of neuroinflammation 13, 215,
doi:10.1186/s12974-016-0671-y (2016).

Feng, X., Liu, S., Chen, D., Rosi, S. & Gupta, N. Rescue of cognitive function following
fractionated brain irradiation in a novel preclinical glioma model. eLife 7, €38865,
doi:10.7554/eLife.38865 (2018).

Feng, X. et al. Replacement of microglia by monocyte-derived macrophages prevents long-
term memory deficits after therapeutic irradiation. bioRxiv, 794354, doi:10.1101/794354
(2019).

Bachiller, S. et al. Microglia in Neurological Diseases: A Road Map to Brain-Disease
Dependent-Inflammatory Response. Front Cell Neurosci 12, 488,
doi:10.3389/fncel.2018.00488 (2018).

Villa, A., Della Torre, S. & Maggi, A. Sexual differentiation of microglia. Front
Neuroendocrinol 52, 156-164, doi:10.1016/j.yfrne.2018.11.003 (2019).

Weinhard, L. et al. Sexual dimorphism of microglia and synapses during mouse postnatal
development. Dev Neurobiol 78, 618-626, doi:10.1002/dneu.22568 (2018).

Mouton, P. R. et al. Age and gender effects on microglia and astrocyte numbers in brains of
mice. Brain Res 956, 30-35 (2002).

Crain, J. M., Nikodemova, M. & Watters, J. J. Microglia express distinct M1 and M2
phenotypic markers in the postnatal and adult central nervous system in male and female
mice. J Neurosci Res 91, 1143-1151, doi:10.1002/jnr.23242 (2013).

Hanamsagar, R. et al. Generation of a microglial developmental index in mice and in
humans reveals a sex difference in maturation and immune reactivity. Glia 65, 1504-1520,
doi:10.1002/glia.23176 (2017).

Thion, M. S. et al. Microbiome Influences Prenatal and Adult Microglia in a Sex-Specific
Manner. Cell 172, 500-516.e516, doi:10.1016/j.cell.2017.11.042 (2018).

Villa, A. et al. Sex-Specific Features of Microglia from Adult Mice. Cell Rep 23, 3501-3511,
doi:10.1016/j.celrep.2018.05.048 (2018).

Bodhankar, S. et al. Role for microglia in sex differences after ischemic stroke: importance
of M2. Metab Brain Dis 30, 1515-1529, doi:10.1007/s11011-015-9714-9 (2015).

Loram, L. C. et al. Sex and estradiol influence glial pro-inflammatory responses to
lipopolysaccharide in rats. Psychoneuroendocrinology 37, 1688-1699,
doi:10.1016/j.psyneuen.2012.02.018 (2012).

Acaz-Fonseca, E., Duran, J. C., Carrero, P., Garcia-Segura, L. M. & Arevalo, M. A. Sex
differences in glia reactivity after cortical brain injury. Glia 63, 1966-1981,
doi:10.1002/glia.22867 (2015).

Parkhurst, C. N. et al. Microglia promote learning-dependent synapse formation through
brain-derived neurotrophic factor. Cell 155, 1596-1609, doi:10.1016/j.cell.2013.11.030
(2013).

Waisman, A., Ginhoux, F., Greter, M. & Bruttger, J. Homeostasis of Microglia in the Adult
Brain: Review of Novel Microglia Depletion Systems. Trends in immunology 36, 625-636,
doi:10.1016/).it.2015.08.005 (2015).

Stanley, E. R. & Chitu, V. CSF-1 Receptor Signaling in Myeloid Cells. Cold Spring Harbor
perspectives in biology 6 (2014).

Erblich, B., Zhu, L., Etgen, A. M., Dobrenis, K. & Pollard, J. W. Absence of colony
stimulation factor-1 receptor results in loss of microglia, disrupted brain development and
olfactory deficits. PLoS One 6, €26317, doi:10.1371/journal.pone.0026317 (2011).

Elmore, M. R. et al. Colony-stimulating factor 1 receptor signaling is necessary for microglia
viability, unmasking a microglia progenitor cell in the adult brain. Neuron 82, 380-397,
doi:10.1016/j.neuron.2014.02.040 (2014).

Elmore, M. R. P. et al. Replacement of microglia in the aged brain reverses cognitive,
synaptic, and neuronal deficits in mice. Aging Cell, 12832, doi:10.1111/acel.12832 (2018).
Dagher, N. N. et al. Colony-stimulating factor 1 receptor inhibition prevents microglial
plaque association and improves cognition in 3xTg-AD mice. Journal of neuroinflammation
12, 139, doi:10.1186/s12974-015-0366-9 (2015).



46

47

48
49
50
51
52
53

54
55

56

57

58

59

60

61

62

63

64

65

66

Spangenberg, E. E. et al. Eliminating microglia in Alzheimer's mice prevents neuronal loss
without modulating amyloid-8 pathology. Brain 139, 1265-1281, doi:10.1093/brain/aww016
(2016).
Cronk, J. C. et al. Peripherally derived macrophages can engraft the brain independent of
irradiation and maintain an identity distinct from microglia. J Exp Med 215, 1627-1647,
doi:10.1084/jem.20180247 (2018).
Spangenberg, E. E. et al. Eliminating microglia in Alzheimer’s mice prevents neuronal loss
without modulating amyloid- pathology. Brain, doi:10.1093/brain/aww016 (2016).
Acharya, M. M. et al. Elimination of microglia improves cognitive function following cranial
irradiation. Scientific reports 6, 31545, doi:10.1038/srep31545 (2016).
Rice, R. A. et al. Microglial repopulation resolves inflammation and promotes brain recovery
after injury. Glia 65, 931-944, doi:10.1002/glia.23135 (2017).
Huang, Y. et al. Repopulated microglia are solely derived from the proliferation of residual
microglia after acute depletion. Nat Neurosci 21, 530-540, doi:10.1038/s41593-018-0090-8
(2018).
(https://ClinicalTrials.gov/show/NCT01790503).
(https://ClinicalTrials.gov/show/NCT01349036).
(https://ClinicalTrials.gov/show/NCT01525602).
Lei, F. et al. CSF1R inhibition by a small-molecule inhibitor is not microglia specific;
affecting hematopoiesis and the function of macrophages. Proc Natl Acad Sci U S A 117,
23336-23338, doi:10.1073/pnas.1922788117 (2020).
Han, J., Harris, R. A. & Zhang, X. M. An updated assessment of microglia depletion:
current concepts and future directions. Mol Brain 10, 25, doi:10.1186/s13041-017-0307-x
(2017).
Kitic, M., See, P., Bruttger, J., Ginhoux, F. & Waisman, A. Novel Microglia Depletion
Systems: A Genetic Approach Utilizing Conditional Diphtheria Toxin Receptor Expression
and a Pharmacological Model Based on the Blocking of Macrophage Colony-Stimulating
Factor 1 Receptor. Methods Mol Biol 2034, 217-230, doi:10.1007/978-1-4939-9658-2_16
(2019).
Willis, E. F. et al. Repopulating Microglia Promote Brain Repair in an IL-6-Dependent
Manner. Cell 180, 833-846 €816, doi:10.1016/j.cell.2020.02.013 (2020).
Rola, R. et al. Hippocampal neurogenesis and neuroinflammation after cranial irradiation
with (56)Fe particles. Radiat Res 169, 626-632, doi:10.1667/RR1263.1 (2008).
Parihar, V. K. et al. Cosmic radiation exposure and persistent cognitive dysfunction. Sci
Rep 6, 34774, doi:10.1038/srep34774 (2016).
Parihar, V. K. et al. Persistent nature of alterations in cognition and neuronal circuit
excitability after exposure to simulated cosmic radiation in mice. Exp Neurol,
doi:10.1016/j.expneurol.2018.03.009 (2018).
Raber, J. et al. Combined Effects of Three High-Energy Charged Particle Beams Important
for Space Flight on Brain, Behavioral and Cognitive Endpoints in B6D2F1 Female and Male
Mice. Front Physiol 10, 179, doi:10.3389/fphys.2019.00179 (2019).
Raber, J. et al. Effects of Proton and Combined Proton and (56)Fe Radiation on the
Hippocampus. Radiat Res 185, 20-30, doi:10.1667/RR14222.1 (2016).
Cekanaviciute, E., Rosi, S. & Costes, S. V. Central Nervous System Responses to
Simulated Galactic Cosmic Rays. Int J Mol Sci 19, doi:10.3390/ijms19113669 (2018).
Kiffer, F. et al. Late effects of. Life Sci Space Res (Amst) 17, 51-62,
doi:10.1016/j.1ssr.2018.03.004 (2018).
Allen, B. D. et al. Mitigation of helium irradiation-induced brain injury by microglia depletion.
J Neuroinflammation 17, 159, doi:10.1186/s12974-020-01790-9 (2020).




