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ALS/FTD-linked TBK1 deficiency in microglia
induces anaged-likemicroglial signature and
drives social recognition deficits in mice

Isadora Lenoel 1, Matthieu Ribon1, Félicie Lorenc 2, Aurélien Diebold1,

Clementine E. Philibert 1,7, David Robaldo1, Manel Badsi1, Julianne Perronnet3,

Julie Lameth1, Felix Berriat1, Hidemi Misawa4, Marie Coutelier1,

Raphaelle Cassel 2, Nadège Sarrazin1, Coline Jost-Mousseau1, Delphine Bohl 1,

Stéphanie Millecamps 1, Michel Mallat1, David Brenner 5,6,

Jochen H. Weishaupt5, Séverine Boillée 1 & Christian S. Lobsiger 1

TANK-Binding Kinase 1 (TBK1) is involved in autophagy and immune signaling.

Dominant loss-of-function mutations in TBK1 have been linked to Amyo-

trophic Lateral Sclerosis (ALS), Fronto-temporal dementia (FTD), and ALS/

FTD. However, pathogenic mechanisms remain unclear, particularly the cell-

type specific disease contributions of TBK1 mutations. Here, we show that

deleting Tbk1 from mouse motor neurons does not induce transcriptional

stress, despite lifelong signs of autophagy deregulations. Conversely, Tbk1

deletion in microglia alters their homeostasis and reactive responses. In both

spinal cord and brain, Tbk1 deletion leads to a pro-inflammatory, primed

microglial signature with features of ageing and neurodegeneration. While it

does not induce or modify ALS-like motor neuron damage, microglial Tbk1

deletion is sufficient to cause early FTD-like social recognition deficits. This

phenotype is linked to focal microglial activation and T cell infiltration in the

substantia nigra pars reticulata and pallidum. Our results reveal that part of

TBK1-linked FTD disease originates from microglial dysfunction.

The TANK-Binding Kinase 1 (TBK1) is a ubiquitously expressed serine/

threonine protein kinase, known for its role in autophagy, as it phos-

phorylates the autophagy receptors optineurin and p621, and for its

key role in immune signaling, especially through the type-I interferon

pathway1. Genetic mutations in TBK1 have been associated with many

diseases. TBK1 duplications account for certain forms of normal ten-

sion glaucoma2. TBK1 homozygous loss-of-function mutations induce

severe systemic autoinflammation3 driven by RIPK1-dependent cell

death, as TBK1 is also a RIPK1 inhibitor4; while TBK1 heterozygous loss-

of-function mutations cause Amyotrophic Lateral Sclerosis (ALS),

Fronto-Temporal Dementia (FTD), and combined ALS/FTD5.

ALS and FTD represent extremes of a disease spectrum with

shared pathological mechanisms, that share genetic causes including

mutations in C9orf72, TARDBP, FUS, and TBK16. While ALS leads to

progressive muscle paralysis and motor neuron (MN) death7, FTD is a

major cause of dementiawith deterioration of behavior and language6.

The pathological hallmarks of most ALS cases, including TBK1-linked

ALS/FTD, are neuronal cytoplasmic TDP-43 inclusions, which are also
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associated with p62 aggregates8, suggesting defects in protein home-

ostasis, including autophagy, to be part of cell-autonomous disease

mechanisms in affectedneurons.Microglial-driven neuroinflammation

is also present around affected neurons9, and microglial cells were

shown to contribute to neurodegeneration through non-cell-

autonomous mechanisms, in studies mostly based on mutant SOD1

driven ALS mouse models10.

In mice, depending on the genetic background, systemic Tbk1

deletion leads to embryonic lethality due to necrotic liver failure11 or

autoinflammation12. We have previously shown that heterozygous

ubiquitous Tbk1 deletion is not sufficient to produce ALS/FTD-like

neurodegeneration inmice13. Thus, to study the role of TBK1 in theCNS

and its links to ALS/FTD, and to avoid deleterious systemic effects, cell-

type specific deletion of Tbk1 is needed in mice.

With this study, we aimed to understand how loss of TBK1 leads to

ALS and ALS/FTD by focusing on cell-specific disease contributions of

Tbk1 loss in MN and in microglial cells. We focused on MN, as their

demise is the cause for paralysis in ALS and TBK1 loss could contribute

to neurodegeneration due to autophagy defects; and on microglial

cells, as their central role in neuroinflammationmakes them a cell-type

important to the entireALS/FTDdisease spectrum.With the key role of

TBK1 in immune cells, TBK1 loss could have major consequences in

microglial cells and directly contribute to TBK1-linked ALS/FTD. While

homozygous deletion of Tbk1 in MN has been reported as not suffi-

cient to induce MN death in adult mice14, it was not assessed whether

such MN already show signs of stress or develop them with ageing.

Likewise, while the importance of TBK1 has been shown for different

immune cell-types outside the CNS15,16, very little is known about the

roles of TBK1 in microglial cells and deciphering the role of TBK1 in

microglia could benefit the general understanding of ALS/FTD

pathogenesis.

Thus, using mice, we assessed the consequences of deleting Tbk1

in either MN or microglia, and the relative importance of Tbk1 loss-of-

function in the two cell-types with respect to ALS/FTD. We found that

MN were resistant to Tbk1 deletion despite signs of autophagy

deregulations. In contrast, Tbk1 deletion in microglia affected their

biology in vitro and in vivo, and while it did not lead to ALS-likemotor

defects, it caused an FTD-like cognitive deficit. The phenotype was

linked to an early shift of microglia to a pro-inflammatory, aged-like

signature, and focal microglial activation in specific brain regions

linked to behavior. We also found roles of TBK1 in defining homeo-

static microglial density and restricting aged-like microglial priming.

Our study provides evidence for an implication of microglia in TBK1-

mediated FTD and suggests that part of the disease has its origin in

microglial defects.

Results
Spinal cord motor neurons are resistant to Tbk1 loss despite
lifelong p62 accumulations
To test if lifelong Tbk1 deletion in motor neurons (MN) only is suffi-

cient to lead to ALS-like defects, we used Tbk1fl/fl and ChAT-Cremice to

delete both copies of Tbk1 in spinal cord MN (hereafter Tbk1-MN-KO

mice) and compared to littermate control mice (Tbk1-MN-WT). Of

note, the ChAT-Cre line used, targets >90% of spinal MN17 and we

confirmedhighly efficientTbk1deletion inMN (Supplementary Fig. 1a).

Ageingof Tbk1-MN-KOmice to 20months didnot result in anALS-

like motor phenotype (Supplementary Fig. 1b), and no MN loss was

detected (Fig. 1a and Supplementary Fig. 1c), consistent with an earlier

study that assessed this up to 10 months14.

Next, we tested if Tbk1 deletion would lead to signs of autophagy

deregulation by focusing on the autophagy receptor p62 (Sqstm1) as a

TBK1 target. We found that already in young (3-month-old) Tbk1-MN-

KOmice, 14% of MN exhibited round cytoplasmic p62+ accumulations

(puncta), which further increased to 26% at 20 months of age, and

almost none were present in MN of littermate control mice (Fig. 1b, c).

WhileChAT-Cre targets all cholinergic neurons17, in the spinal cordp62+

accumulations were only found in large ventral hornMN (Fig. 1b, c). Of

note, p62+ accumulations have also been detected in iPSC-derivedMN

from TBK1-linked ALS patients18. To better define MN with p62+ accu-

mulations, we used Osteopontin/SPP1 (Spp1) and MMP9 (Mmp9) to

mark ALS resistant and vulnerable MN, respectively19. Compared to

either SPP1+ or MMP9+ MN alone (representing 27% and 55% of all MN,

respectively), p62+ accumulations were twofold enriched in the small

subpopulation of SPP1+/MMP9+ MN (representing 18% of all MN, but

comprising 36% of all MN with p62+ accumulations) (Supplementary

Fig. 1d, e), which have been linked to remodeledMNduring ageing and

in ALS mice19.

We further confirmed our findings with a second MN specific Cre

line (VAChT-cre). Consistent with this line only targeting 50% of all

spinal MN20 (Supplementary Fig. 1f), we found p62+ accumulations in

8% of MN in 3-month-old Tbk1-MN-KO mice (VAChT-Cre × Tbk1fl/fl)

(Supplementary Fig. 1g), but again without any MN death (Supple-

mentary Fig. 1h).

Most of these p62+ accumulations (puncta) were also positive for

the autophagymarker GABARAPL121, while half were ubiquitin positive

(Supplementary Fig. 2a–c). STED (super-resolution) microscopy

resolved the p62+ puncta into a spherical (1μm wide) p62+ staining

around a p62− vesicle-like core, consistentwith large potentially stalled

autophagosomes, as detected by EM (Supplementary Fig. 2d). We also

found some p62+ puncta to resolve to p62+ staining around Cyto-

chrome c+ mitochondria or to be associated with lysosomal LAMP1

(Supplementary Fig. 2e). Together, this suggests a deregulated

autophagic flux.

However, on a histological level, this was not sufficient to induce

overall signs of neuronal stress, and MN with p62+ accumulations had

normal neurofilament (NF-L/NF-H) content and were not positive for

phospho-cJUN, a stress-induced transcription factor (Supplementary

Fig. 2f, g). Likewise, no overall signs of local microglial activation were

present around MN with p62+ accumulations (Supplementary

Fig. 2h–j).

To investigate long-term consequences (stress responses) of Tbk1

deletion in MN, we performed RNA sequencing (RNAseq) of laser-

microdissected lumbar spinal cord MN from 20-month-old Tbk1-MN-

KOmice (ChAT-Cre × Tbk1fl/fl) compared to control littermates (Fig. 1d,

e). This only revealed 6 genes to be significantly changed besides the

expected Tbk1 loss (Fig. 1d, e and Supplementary Data 1). Lastly, to test

if an external stress would demask a vulnerability, we performed a

sciatic nerve crush, but did not detect changes in overall speed of MN

regeneration between Tbk1-MN-KO and littermate control

mice (Fig. 1f).

Thus, despite lifelong signs of autophagy deregulations, spinal

MN inmice are remarkably resistant to Tbk1 loss, without signs of cell-

autonomous neurodegeneration or increased vulnerability.

Deletion of Tbk1 in microglia in vitro leads to stimulus-
dependent altered responses
With thedual role ofTBK1 in autophagy and immune signaling,wenext

tested if Tbk1 loss has a direct effect in microglial cells.

We used Tbk1fl/fl and Cx3cr1-Cre (MMRRC #036395-UCD) mice22,23

to delete 0, 1, or 2 Tbk1 copies selectively in microglia (Tbk1-µG-WT,

Tbk1-µG-HET, Tbk1-µG-KO), and confirmed efficient Tbk1 deletion in

primary microglial cells isolated from neonatal brains (Fig. 2a and

Supplementary Fig. 3a–d). Of note, microglial yields and purity were

unaffected by Tbk1 deletion (Supplementary Fig. 3e–h). Cells were

stimulated for 24 h with pro-inflammatory lipopolysaccharides (LPS)

or anti-inflammatory interleukin 4 (IL4), and RNAseq was performed

(Fig. 2a and Supplementary Data 2).

LPS and IL4 led to the expected responses in WT microglia

(Supplementary Fig. 3i–l). However, at baseline, no differences were

detectable between untreatedWT (Tbk1-µG-WT) and KO (Tbk1-µG-KO)
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microglia (Fig. 2b), and only very few in the IL4 response between KO

and WT microglia (Fig. 2b).

In contrast, we detected robust differences in the LPS response

between KO and WTmicroglia (Fig. 2b). Principal component analysis

(PCA) also clearly separated KO fromWT samples, with HET (Tbk1-µG-

HET) samples showing a trend only (Fig. 2c). Unsupervised pathway

analysis revealed that Tbk1 deletion led to an overall dampened

inflammatory response after LPS stimulation (Fig. 2d). Among the

genes with the strongest block of LPS-induction in KO microglia was

the pro-inflammatory Nos2, and we confirmed complete lack of nitric

oxide (NO) production (Supplementary Fig. 3m, n). In contrast, we did

not measure a robust difference in overall phagocytic capacity

between WT and KO microglia (Supplementary Fig. 3o–q), while we

found large p62+ accumulations in LPS-stimulated KO but not WT

microglia, suggesting autophagy defects (Supplementary Fig. 3r, s).

To test if this KO-linked dampened inflammatory response is

present in other pathways involving TBK1, we also stimulated with

polyinosinic-polycytidylic acid (poly I:C) to assess the TLR3 pathway

(in contrast to TLR4 for LPS) (Fig. 2b, Supplementary Fig. 3i–l and

Supplementary Data 2). PCA again clearly separated KO from WT

microglia (Fig. 2e), but in contrast to LPS stimulation, pathway analysis

revealed an over-activated inflammatory response in KO microglia

after poly I:C stimulation (Fig. 2f).

With this in vitro approach, we found evidence that Tbk1 loss in

microglia affects their responses to pro-inflammatory stimulation, but

depending on the stimulus, it led to dampened or over-activated

inflammatory responses.

Tbk1 loss in spinal cord microglia increases their density and
induces a pro-inflammatory signature
To assess in vivo, if Tbk1 loss would affect microglia, we used again

Tbk1fl/fl and Cx3cr1-Cremice to delete Tbk1 selectively in microglia (Tbk1-

µG-WT, Tbk1-µG-HET, Tbk1-µG-KO). We confirmed selective spinal cord

and brain microglial CRE expression, without neuronal CRE expression

or Tbk1 recombination, and highly efficient microglial Tbk1 deletion

(Supplementary Fig. 4). Of note, our BAC-transgenic Cx3cr1-Cre line

Fig. 1 | Despite lifelong p62 accumulations, spinal cord motor neurons in mice

are resistant to Tbk1 loss. a Quantification of motor neurons (MN) in the lumbar

spinal cord of 20-month-old mice with MN specific full Tbk1 deletion (Chat-Cre/

Tbk1fl/fl, hereafter Tbk1-MN-KO) compared to littermate control (Tbk1-MN-WT)

mice. n = 4 mice per genotype (equally sex-mixed). Adjusted p value is indicated

and was determined using a two-tailed unpaired t-test. b Representative confocal

immunofluorescence images of the autophagy receptor p62 and the MN marker

ChAT in lumbar spinal cord sections from 3-month-old Tbk1-MN-KO and Tbk1-MN-

WTmice, showingMNwith p62+ accumulations (puncta) only in Tbk1-MN-KOmice

(arrowheads). Scale bar = 50 µm, scale bar in enlargements 10 µm. c Quantification

of MN containing p62+ accumulations at 3 months (13.6%) and 20 months (26.1%).

n = 4 mice per genotype and age (equally sex-mixed). Adjusted p values are indi-

cated and were determined using a two-way ANOVA with uncorrected Fisher LSD.

d Representative brightfield images of laser-microdissection of MN (for RNAseq),

identified by Nissl staining, from mouse lumbar spinal cord sections. Scale bar =

100 µm. e Volcano plot and bar graph of significantly deregulated genes (DEGs)

(DESeq2, log2FC≥0.5, adjusted p values (FDR) < 0.05, see “Methods”) identified by

RNAseq from laser-microdissected MN (pools of 200MN permouse), between 20-

month-old Tbk1-MN-KO and Tbk1-MN-WT mice, showing beside expected Tbk1

downregulationonly very fewDEGs. n = 6micepergenotype (femalesonly). FC fold

change, p.adj adjusted p value, UP upregulated, DOWN downregulated, nc not

changed. f Acute MN injury, using the unilateral sciatic nerve crush/regeneration

paradigm, was performed in 6-month-old Tbk1-MN-KO and Tbk1-MN-WT mice.

Recovery of the sciatic functional index (SFI) was calculated based on toe-spread

and paw print length, over 4 weeks after crush. n = 7–8mice per genotype (females

only). Adjusted p values were determined using repeated measures one-way

ANOVA with Sidak’s multiple comparisons test. a, c Data are shown as single data

points and (a, c, f) means ± SEM. ns not significant.
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(MMRRC, #036395-UCD) is well characterized, and is within the CNS

microglial specific, and also shows, in contrast to other constitutive

Cx3cr1-Cre lines, no neuronal leakage (Supplementary Fig. 4)22,23.

We labelled spinal cord sections formicroglia using IBA1 and PU.1,

both at 4 and 22 months of age (Fig. 3a). Consistent with the known

age-linked increased microglial reactivity24,25, more microglial cells

were found in old compared to young control mice (1.6 times;

131 ± 8.2/mm2 vs 80 ± 19.3/mm2). Importantly, compared to Tbk1-µG-

WT mice, microglial density was increased at 4 months in Tbk1-µG-KO

mice, and this increase persisted in aged Tbk1-µG-KOmice (2.1 times at

4 months and 1.5 times at 22 months) (Fig. 3b). Of note, the observed

effect was Tbk1 dose-dependent, with deletion of only one Tbk1 allele

(Tbk1-µG-HET) resulting already in an intermediate increase in micro-

glial density (Fig. 3b). Likewise, the increase in microglial density was

sex-independent (Supplementary Fig. 5a), and the grey matter had

similar area sizes in all the groups (Supplementary Fig. 5b).

We then assessed if these Tbk1-µG-KO microglial cells show signs

of activation, although we did not detect any morphological changes

(Supplementary Fig. 5c–e). Thus, we performed RNAseq on FACS-

isolated CD45+/CD11b+ microglia from spinal cords of Tbk1-µG-WT

(WT) and Tbk1-µG-KO (KO) mice at both 4 and 22 months of age

(Fig. 3c–g and Supplementary Data 3). We found robust changes

between KO and WT microglia and a significant overlap between the

two age-groups (Fig. 3d–f). Gene Set Enrichment Analysis (GSEA)

Fig. 2 | Microglial Tbk1 deletion in vitro leads to stimulus-dependent over-

activatedordampened responses. a Setup for transcriptional analysis of neonatal

mouse microglia in vitro. Microglia are isolated from P0 mouse brains with

microglial specific full Tbk1 deletion (BAC-Cx3cr1-CreMMRRC/Tbk1fl/fl, called Tbk1-µG-

KO) and compared to microglia from littermates with only one Tbk1 copy deleted

(Tbk1-µG-HET) or control littermates (Tbk1-µG-WT). Microglia are treated with pro-

(LPS, poly I:C) or anti-inflammatory (IL4) stimulants, or not treated (unstimulated,

Control), followedbyRNAseq analysis. Note, cultures are >95%pure IBA1+microglia

(see Supplementary Fig. 3f, g). Created in BioRender. Lenoel, I. (2025) https://

BioRender.com/ct8qnd6. b RNAseq results showing the number of genes sig-

nificantly regulated (DESeq2, log2FC≥ 1.0, adjusted p values (FDR) < 0.05, see

“Methods”) in Tbk1-µG-KO vs Tbk1-µG-WT microglial cultures after no stimulation

(Control), LPS, poly I:C, or IL4 stimulation. n = 5 independent experiments.

c, e Principal component analysis (PCA) of RNAseq data of Tbk1-µG-KO, Tbk1-µG-

HET, andTbk1-µG-WTmicroglia after LPS (c) or poly I:C stimulation (e).d, fGene set

enrichment analysis (GSEA) showing regulation of immune and other (Hallmark)

pathways between Tbk1-µG-KO and Tbk1-µG-WT microglial cells, after LPS (d) or

poly I:C stimulation (f) (adjusted p values < 0.05, NES normalized enrichment

scores specified for each pathway and ≥ ±1.5, see “Methods”). Note, for LPS/Tbk1-

µG-KO, all inflammatory pathways foundweredownregulated (dampened), and the

4 shown are among the top downregulated pathways. For poly I:C/Tbk1-µG-KO, all

inflammatory pathways found were upregulated (overactivated), and the 4 shown

are among the top upregulated pathways. Effect of each stimulus on each pathway

in the control condition is represented by a red up arrow (↑) for pathways activated

in Tbk1-µG-WT LPS vs unstimulated microglia (see Supplementary Fig. 3k), and a

black equal sign (=) for unaltered pathways.
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showed that the top (Hallmark) pathways were all linked to pro-

inflammatory signaling and upregulated in KO microglia in both age-

groups (Fig. 3g).

Thus, in the spinal cord, microglial Tbk1 loss leads to persistently

increased microglial density, with a shift to a pro-inflammatory sig-

nature. This shows that in the spinal cord, microglial TBK1 is involved

in setting homeostatic microglial density and state.

Deletion of Tbk1 in microglia in vivo dampens their response to
an acute systemic inflammation
Whilewe found adampenedpro-inflammatory response to LPS in vitro

(Fig. 2d) and no differences between unstimulated Tbk1-KO and WT

microglia (Fig. 2b), we found a shift to a pro-inflammatory microglial

signature in vivo in the adult Tbk1-µG-KO spinal cord (Fig. 3c–g). To

address this difference, we injected adult (4-month-old) Tbk1-µG-KO

Fig. 3 | Tbk1 loss in spinal cord microglia increases their density and induces a

pro-inflammatory signature. a Representative immunofluorescence images of

microglia identified by cytoplasmic IBA1 (green) and nuclear PU.1 (red) in the

lumbar spinal cord of young (4-month-old) and aged (22-month-old) mice, with

microglial specific deletion (Cx3cr1-CreMMRRC/Tbk1fl/fl) of one (Tbk1-µG-HET) or two

(Tbk1-µG-KO) Tbk1 copies or control littermates (Tbk1-µG-WT). Scale bar = 100 µm.

b Quantification of the number of microglial cells at 4 and 22 months in lumbar

spinal cord ventral horn grey matter of male mice (for females see Supplementary

Fig. 5a). n = 4 mice per genotype and age (except for Tbk1-µG-HET at 22 months,

n = 3). Adjusted p values are indicated and were determined by ordinary two-way

ANOVA with Tukey’s multiple comparisons test. c Setup for RNAseq analysis of

microglia, isolated bymechanical dissociation and FACS from spinal cord of young

(4-month-old) and aged (22-month-old) mice with microglial specific deletion of

Tbk1 (Tbk1-µG-KO) and compared to control littermates (Tbk1-µG-WT).

n = 4–5 samples per genotype and age, with each sample corresponding to

microglia from 2 pooled spinal cords (females only). Created in BioRender. Lenoel,

I. (2025) https://BioRender.com/ct8qnd6. d PCA reveals clustering of all the sam-

ples by age (n = 4–5 samples per genotype and age). e Number of significantly

deregulated genes (DEGs) in microglia with Tbk1 deletion (Tbk1-µG-KO) at 4 and

22months of age compared to control microglia (Tbk1-µG-WT), and the number of

overlapping DEGs between the two age-groups. f Volcano plots of differentially

regulated genes comparing Tbk1-µG-KO to Tbk1-µG-WT microglia at 4 and

22months. Some relevant genes are highlighted. e, fDESeq2, log2FC ≥0.5, adjusted

p values (FDR) < 0.05, see “Methods”. g GSEA showing the top Hallmark pathways

upregulated in microglia upon microglial Tbk1 deletion (Tbk1-µG-KO) at 4 and

22 months compared to control microglia (Tbk1-µG-WT) (adjusted p values < 0.05,

NES≥ +2.1, see “Methods”). b Data are shown as single data points and

means ± SEM.
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and -WTmice systemically with LPS, and 24 h later performed RNAseq

on FACS-isolated spinal cordmicroglia. We found a similar dampened

pro-inflammatory response to LPS in Tbk1-KO microglia in vivo

(Fig. 4a–c, Supplementary Fig. 6a–d, and Supplementary Data 4) as

in vitro (Fig. 2d). Therefore, despite the pro-inflammatory shift under

homeostatic conditions, adult Tbk1-KO microglia were less capable to

respond to LPS thanWT cells. Indeed, certain genes induced by LPS in

WT cells (e.g. Cxcl10) were not induced by LPS in KOmicroglia, despite

being upregulated at baseline in homeostatic conditions in the KO

cells (Supplementary Fig. 6a, d). This is also reflected by more genes

down than upregulated between LPS KO vs WT cells, and most

showing an inverted regulation compared to WT LPS vs unstimulated

cells (Supplementary Fig. 6b, c).

Thus, microglial Tbk1 deletion leads to different consequences

depending on the physiological situation: a pro-inflammatory shift

during homeostasis, but a dampened pro-inflammatory response

during an acute inflammation (LPS).

Microglial Tbk1 deletion is not sufficient to induce or modify
ALS-like motor neuron damage
We next asked if the increase in spinal cord microglial density and

the pro-inflammatory shift induced by Tbk1 loss could have a

Fig. 4 | Microglial Tbk1 loss dampens the response to systemic LPS, but does

not modify motor neuron damage. a Setup for RNAseq of microglia 24 h after

systemic (i.p.) LPS injection, isolated from spinal cords of 4-month-old mice with

microglial specific Tbk1 deletion (Tbk1-µG-KO, KO), compared to control litter-

mates (Tbk1-µG-WT, WT). b PCA reveals clustering of samples by treatment. Each

point (sample) corresponds to microglia from 2 pooled spinal cords. n = 4 samples

per genotype and age, females only. c GSEA showing top regulated immune

(Hallmark) pathways between Tbk1-µG-KO and Tbk1-µG-WT microglia, after LPS

treatment (adjusted p values < 0.05, NES ≥ ± 1.5, see “Methods”). LPS effect on each

pathway in control condition is represented by a red up arrow if activated in WT-

LPS vs unstimulated. d Setup to assess the effect ofmicroglial Tbk1 deletion during

chronicMN degeneration. Mice withmicroglial specific Tbk1 deletion were crossed

to SOD1G93A ALS mice, to produce SOD1G93A mice with one (G93A/Tbk1-µG-HET) or

two (G93A/Tbk1-µG-KO) Tbk1 copies deleted, compared to littermate SOD1G93Amice

with control microglial Tbk1 (G93A/Tbk1-µG-WT). e–g Kaplan–Meier plots of ages

reached at disease onset (e), early disease (f), and survival age reached at end-stage

(g). n = 20-23mice per genotype (equally sex-mixed). Mean ages in days (d) ± SEM.

h Setup to assess the effect of microglial Tbk1 deletion during acute MN injury

(unilateral sciatic nerve crush/regeneration) in 4-month-old Tbk1-µG-KO, Tbk1-µG-

HET, and littermate control Tbk1-µG-WTmice. Shown are representative toe-spread

images (Catwalk) before and after major recovery. i Recovery of the sciatic func-

tional index (SFI) over 4 weeks after crush. n = 6-7 mice per genotype (males only).

Adjusted p values are indicated and were determined by mixed effect models.

j Recovery was also assessed long-term (over 17 weeks after crush) by measuring

the compoundmuscle actionpotential (CMAP) using electromyography.n = 5mice

per genotype. Adjusted p values are indicated and were determined by repeated

measure two-way ANOVA. a, d, h Created in BioRender. Lenoel, I. (2025) https://

BioRender.com/ct8qnd6. i, j Data are shown as means ± SEM. ns not significant.
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deleterious effect on wildtype MN or influence ongoing ALS-like

neurodegeneration.

First, we assessed whether Tbk1-µG-KO mice presented signs of

ALS-like disease. Until up to 22 months of age, we did not detect any

lumbar spinal cord MN loss, nor p62+ accumulations in MN, and no

signs of amotor phenotype (Supplementary Fig. 6e–i). We also did not

detect increased signs of MN stress as assessed by staining for

phospho-cJUN (Supplementary Fig. 6j).

Secondly, as microglial responses to ongoing MN degeneration

are able to influence disease progression in mutant SOD1 ALS mice10,

we examined the consequences of microglial Tbk1 loss in SOD1G93A

mice (Fig. 4d). However, deleting one or bothmicroglial Tbk1 copies in

SOD1G93Amice changed neither the disease onset nor the survival of the

mice (Fig. 4e–g and Supplementary Fig. 7a, b). On a histological level,

while we measured micro- and astro-gliosis in SOD1G93A/Tbk1-µG-WT

mice, this was not changed by microglial Tbk1 deletion (Supplemen-

tary Fig. 7c–e).

Thirdly, as it is possible that the neurotoxic effect of SOD1G93A

overexpression in microglia of SOD1G93A mice could override the effect

of additionalmicroglial Tbk1 deletion, we used as an alternativemodel

of MN damage, the sciatic nerve crush paradigm, which is well known

to be influenced bymicroglial responses26. However, we did not detect

differences in the overall nerve regeneration speed between the 3

genotypes (Tbk1-µG-WT, Tbk1-µG-HET, Tbk1-µG-KO), as measured by

pawprint analysis, and by recovery of the compound muscle action

potential (Fig. 4h–j and Supplementary Fig. 7f, g).

Thus, while TBK1 can influence microglial responses to an acute

inflammatory stimulus (LPS) in vitro and in vivo, and is involved in

settinghomeostatic spinal cordmicroglial density and state,microglial

Tbk1 loss is not sufficient to induce or influence ALS-like spinal cord

MN damage.

Microglial Tbk1 deletion is sufficient to induce an FTD-like social
recognition deficit
Therefore, we assessed whether microglial Tbk1 loss and thus dereg-

ulations only in microglia are sufficient to lead to FTD-like symptoms.

We used the 3-chamber test to assess FTD-like social interaction

deficits27 inmicewithmicroglial-specific Tbk1 deletion (Fig. 5a). Young

Fig. 5 | Microglial Tbk1 deletion is sufficient to induce an FTD-like social

recognition deficit. a Workflow of the 3-chamber test to assess presence of

sociability and social recognition (social novelty preference) defects in 4-month-

old male mice with microglial specific deletion of one (Tbk1-µG-HET) or two (Tbk1-

µG-KO) Tbk1 copies and compared to control littermates (Tbk1-µG-WT). Created in

BioRender. Lenoel, I. (2025) https://BioRender.com/ct8qnd6. b Interaction times

during the first three trials (trials 1–3) of the 3-chamber test (sociability phase).

n = 12 mice per genotype (males only). Adjusted p values are indicated and were

determined by a two-tailed type II Wald chi-square test with Tukey’s post hoc test.

Results from trials 1–3 indicate no impairment of social interaction (sociability) due

to microglial Tbk1 deletion. c Representative heatmaps of the mouse positions

during the social recognition phase of the 3-chamber test (trial 4), shown for Tbk1-

µG-KO and control Tbk1-µG-WTmice.dDuring trial 4, contact durations to stranger

1 (S1, known) and stranger 2 (S2, unknown) were measured. n = 12 mice per geno-

type. Adjusted p values are indicated and were determined by repeated measures

two-way ANOVA with Sidak’s multiple comparisons test. e Calculation of the social

recognition index (trial 4) per mouse. n = 12 mice per genotype. Adjusted p values

are indicated and were determined by a two-tailed one sample t-test to the theo-

retical mean of 50%. Results from trial 4 (social recognition phase) indicate an

impairment of social recognition due to microglial Tbk1 deletion. Of note, the

observed social recognition (social novelty preference) deficit affects social

memory, but spatialmemory was unaffected (Supplementary Fig. 8e–g). d, e Data

are shown as single data points and (b, d, e) means ± SEM. ns: not significant.
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(4-month-oldmale) control (Tbk1-µG-WT) mice performed expectedly

in the three trials of thefirst sociability phase, spendingmore timewith

stranger 1 than with the empty cylinder (Fig. 5b). Mice with one (Tbk1-

µG-HET) or both (Tbk1-µG-KO) Tbk1 copies deleted in microglia,

showed the same preference as littermate controls for a social target

over an empty cage (Chi-square = 160.55, df = 1, p < 0.0001; n = 12male

mice per genotype), thus demonstrating no FTD-like sociability

impairment (Fig. 5b). There was also no modification in the total dis-

tance moved and the mean velocity during the test, reflecting no

motor deficits (Supplementary Fig. 8a, b). In addition, absence of

sociability defects was confirmed by the resident-intruder test (Sup-

plementary Fig. 8c, d).

Then, we analyzed the second social recognition phase (which

assesses social novelty preference) of the 3-chamber test, which con-

sists of adding a new unfamiliar stranger 2 to the empty chamber.

Importantly, while control Tbk1-µG-WT mice showed an expected pre-

ference for the new social target stranger 2 over the now familiar

stranger 1, Tbk1-µG-KO mice had completely lost this preference

between familiar and unfamiliar social targets. Respective recognition

indexes were 73% for Tbk1-µG-WT and 53% for Tbk1-µG-KO mice

(Fig. 5c–e). This social recognition deficit was Tbk1 dose-dependent, as

mice with only one Tbk1 copy deleted in microglia (Tbk1-µG-HET)

already showed an intermediate effect with a 65% recognition index.

Social recognition can also be considered as socialmemory (reviewed in

Cum et al.28). Thus, to assess if other forms of memory could be affec-

ted, we used theMorris water maze test and found Tbk1-µG-KOmice to

perform well (Supplementary Fig. 8e–g), revealing that microglial Tbk1

deletion specifically affects social but not spatial memory.

Our results show that deleting Tbk1 solely from microglia is suf-

ficient to impair social recognition, consistent with an FTD-like cog-

nitive deficit, suggesting that part of the disease has its origins in

microglial defects.

The behavioral deficit is associated with shifting microglia to a
pro-inflammatory, aged-like signature
To understand how microglial Tbk1 loss leads to the observed social

recognition deficit, we studied specifically the molecular changes

induced in brain microglia.

Thus, we performed RNAseq on FACS-isolated CD45+/CD11b+

microglia from brains of young (4 months) and aged (22 months) Tbk1-

µG-HET, Tbk1-µG-KO, and control Tbk1-µG-WT mice (Fig. 6a and Sup-

plementary Data 5). Of note, microglial purity was unaffected by Tbk1

deletion (Supplementary Fig. 9a). PCA discriminated the samplesmainly

by age (Fig. 6b), consistent with the known age-linked microglial

activation24,25. We found 1340/146 genes up/downregulated when com-

paring aged and young microglia (log2FC≥0.5, adjusted p value <0.05)

that were enriched in theMousemicroglial ageing pathway of theHDSig

database24 (adjusted p value =8.16E-86, over-representation analysis).

To reveal differences between the genotypes, we assessed dif-

ferentially expressed genes (DEGs) and found robust changes between

Tbk1-µG-KO (KO) and Tbk1-µG-WT (WT) microglia from both young

and aged mice (Fig. 6c, Supplementary Fig. 9b, c, and Supplementary

Data 5): at 4 months, 198 genes were up and 46 downregulated,

between KO and WT samples, while at 22 months, 141 were up and 58

downregulated. There was also an overlap between the effects of Tbk1

deletion in young and aged KO microglia, with 46% (91/198, in young)

and 65% (91/141, in aged) of upregulated DEGs in common (Fig. 6c).

When comparing the DEGs upregulated by Tbk1 loss at 4 and

22months, to ageing ofWTmicroglia,we found anoverlap of common

genes, with 66% at 4 months (131/198) and 46% at 22 months (65/141)

(Fig. 6d and Supplementary Data 5). The shift was stronger in young

than in aged KOmicroglia, since only part of the age-linked DEGs that

increased in young, remained further increased in aged KO. This

resulted in 56 genes commonly upregulated in both young and aged

KO microglia as well as during WT microglial ageing (Fig. 6d). Thus,

62% (56/91) of DEGs upregulated in common in both young and aged

KO microglia, were also upregulated during WT microglial ageing,

revealing that the shift towards an aged microglial signature is an

important component of the effect induced by microglial Tbk1 loss.

On a pathway level, GSEA showed that the top 5 (Hallmark)

pathways upregulated in young and aged Tbk1-KO microglia, were

identical to the top 5 pathways upregulated in control (WT) microglia

during ageing (Fig. 6e and Supplementary Fig. 9d–f). All these path-

ways were related to inflammation, revealing that in vivo, microglial

Tbk1 loss induces a pro-inflammatory phenotype. Thus, our results

show that Tbk1 loss in microglia upregulates the same pro-

inflammatory pathways that are also upregulated during control

(WT)microglial ageing (Fig. 6e). Of note, the shared 56 genes common

to the three groups were still linked to the same 5 pro-inflammatory

pathways identified in the initial GSEA (Fig. 6d, e).

Weighted Gene Correlation Network Analysis (WGCNA) indeed

revealed one module reflecting an effect of Tbk1 deletion (Fig. 6f and

Supplementary Fig. 9g, h). This module’s eigengene profile showed an

increase during ageing of WT microglia, thus, again consistent with a

link between the effect of Tbk1 deletion andmicroglial ageing (Fig. 6f).

Of note, the only other module with a clear profile reflected the

expected age-linked microglial activation, independent of the geno-

type (Supplementary Fig. 9h).

The link between the effect of Tbk1 loss andmicroglial ageing was

supported by intersecting the top DEGs from all the groups. We

compared the top upregulated DEGs from KO microglia compared to

control (WT), choosing the top 20 DEGs in young and the top 20 DEGs

in aged, which resulted in 30 DEGs, as 10 were overlapping. We found

thatmanyof these30 topDEGswere also upregulated inWTmicroglial

ageing (90% at 4 and 60% at 22 months) (Fig. 6g and Supplementary

Data 5). Reciprocally, comparing the top 30 upregulated DEGs during

WT microglia ageing with the DEGs induced in KOmicroglia, revealed

an overlap of 53% at 4months and of 40% at 22months (Fig. 6h). Thus,

this shows that the main effect of Tbk1 loss in microglia is a shift of

young KO microglia to a signature of aged WT microglia, and this

partially persists during ageing.

Notably, among the top upregulated DEGs, we found 3 classic

Disease-Associated Microglial (DAM) markers (Itgax, Cst7, Axl), which

were all upregulated by both control (WT) ageing and by Tbk1 loss

(Supplementary Fig. 9i), further supporting a disease-like shift of KO

microglia due to Tbk1 loss. Of note, in our in vitro study, Itgax was a

DEG consistently induced by both pro-inflammatory stimuli (LPS, poly

I:C) in KO but not WT microglia (Supplementary Fig. 9k, l).

While our analysis was mostly based on full Tbk1 deletion (KO), we

also tested if the same effect is already present in HET (Tbk1-µG-HET)

microglia. Thus, we used the top 100 DEGs upregulated inWTmicroglia

during ageing (log2FC≥0.5, ranked on adjusted p value <0.05) (Sup-

plementary Data 5), to perform GSEA on differential expression results

in KO and HET microglia compared to WT (Fig. 6i, j and Supplementary

Fig. 9j). We found an enrichment for the ageing microglial gene sig-

nature in KOmicroglia at both 4 and 22 months, and also, albeit less so,

in HET microglia at 4 and 22 months. This shows that already partial

Tbk1 loss in microglia trends to shift them towards an aged microglial

signature, which becomes fully apparent with complete Tbk1 deletion.

Finally, we compared the RNAseq analysis between Tbk1-KO brain

and spinal cordmicroglia (Figs. 3c–g and6a–e). By focusing on a link to

ageing, we found a similar shift to an aged-like microglial signature in

the spinal cord (Supplementary Fig. 10a, b) as in the brain (Fig. 6d, e).

Thus, in both compartments microglial Tbk1 deletion induced an early

shift to a pro-inflammatory, aged-like signature, with the same top 5

inflammatory pathways upregulated (Fig. 6e and Supplementary

Fig. 10b) and robust overlap of DEGs between the two population of

Tbk1-KO microglia (Supplementary Fig. 10c and Supplementary

Data 5). However, the Tbk1 deletion induced gene deregulations were

less strong in spinal cord than brain microglia (124 vs 198 upregulated

Article https://doi.org/10.1038/s41467-025-63211-w

Nature Communications |         (2025) 16:7951 8



DEGs, with 85 in common). As an example, the classic pro-

inflammatory cytokine Tnf, and the senescence marker Cdkn1a (p21)

were only upregulated in Tbk1-KO brain microglia (Supplementary

Fig. 10d–f), indicating a stronger shift to a pro-inflammatory signature

in Tbk1-KO brain than spinal cord microglia.

Additionally, we also complemented our RNAseq analysis of Tbk1

deletion on microglial responses to in vivo LPS stimulation, initially

done in the spinal cord (Fig. 4a–c), with brain microglia and found a

similar dampened inflammatory response of Tbk1-KOmicroglia to LPS

stimulation for both compartments (Supplementary Fig. 10g–k and

Supplementary Data 4).

Thus, these in vivo results show thatTbk1 loss inmicroglia induces

an early shift to an aged-like state and indicate that TBK1 is implicated

in restricting aged-like microglial activation. These molecular changes

in microglia could be the cause for the social recognition deficits we

detected in mice with microglial Tbk1 deletion.

Meta-analysis links Tbk1 deleted microglia to primed microglia
from ageing and neurodegeneration
Next, we compared the Tbk1-KO microglial signature to actual neuro-

degenerative conditions and microglial priming, that has been

described as the overlap between ageing and neurodegeneration24.
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Thus, we performed a meta-analysis to compare our Tbk1-KO and

control ageing microglia, with published transcriptomes of microglia

from active neuroinflammatory stages of 3 different neurodegenera-

tive models: Alzheimer’s disease (AD) APPNL-G-F/NL-G-F mice with amyloid

pathology29, AD/FTD rTg(TauP301L)4510mice with tauopathy29, and ALS

SOD1G93A mice30 (Fig. 7a and Supplementary Data 6).

Focusing on our young Tbk1-KO (TBK1-µG-KO) microglia (when

the social recognition deficit was detected), we found a common set of

46 DEGs that were upregulated in all 5 conditions (Fig. 7a). Most of

these 46 genes encode for proteins known to interact together

(STRING-based analysis), showing the biological relevance of this

cluster (Fig. 7b). Thus, 1/3 of the DEGs in common between Tbk1-KO

microglia and control microglial ageing (46/131), were also sharedwith

reactive microglia during actual neurodegeneration (Supplementary

Fig. 11a). This reveals that priming to an aged and neurodegenerative

microglial signature is an important early consequence of microglial

Tbk1 loss and could lead to the observed social recognition deficit. Of

note, 22 of these 46 DEGs remained upregulated in our aged Tbk1-KO

microglia, (Supplementary Fig. 11b, c), indicating that this primed state

gets partially further increased with age.

Consistent with a primed state of Tbk1-KO microglia, compar-

able to aged microglia, the relative fold-changes of the 46 genes

were substantially stronger in the 3 neurodegenerative disease

models (Fig. 7c). This primed core-set of 46 DEGs contains mostly

inflammatory genes (Fig. 7c), including the 3 DAMmarkers (Axl, Cst7,

Itgax), we originally detected in young Tbk1-KO and aged control

microglia (Fig. 6h and Supplementary Fig. 9i), suggesting a shift

towards a neurodegenerative signature. Pathway analysis identified

links to microglial activation, antigen presentation, response to IFN-I

and chemotaxis, supporting the idea of a primed microglial

state (Fig. 7d).

Together, this meta-analysis shows that microglial Tbk1 loss

induced an aged-like, primed state that is associated with early beha-

vioral deficits and gets amplified in microglia in different neurode-

generative disease conditions.

Microglial Tbk1 deletion leads to focal microglial activation in
the brain and T cell infiltration
In a final approach, we asked if the molecular phenotype we found in

whole brain isolated Tbk1-KO microglia has a defined spatial localiza-

tion, which could reveal a cellularmechanism leading to the behavioral

deficit.

Using sagittal brain sections, we found a focal increased IBA1

immunoreactivity in the substantia nigra pars reticulata (SNr) and (less

strong) in the pallidum (Allen Brain Atlas; containing globus pallidus

and substantia innominata) in 4-month-old Tbk1-µG-KO vs control

mice (Fig. 8a, b and Supplementary Fig. 12a–d), with the SNr repre-

senting a region with one of the highest brain baseline microglial

densities (Fig. 8b)31,32.

A detailed analysis of Tbk1-KO microglia in the SNr revealed

increased numbers and robust morphological changes (Fig. 8c–f),

suggesting partial activation and consistent with the pro-inflammatory

transcriptional shift (Fig. 6d, e). Of note, anti-CD169 staining33 did not

detect peripheralmacrophages infiltrating the parenchymaofKOmice

(Supplementary Fig. 12e). The microglial activation remained focal,

without changes in numbers or morphology in other major brain

regions (e.g., hippocampus, Supplementary Fig. 12f–j). Using RNA-

scope for Cxcl10, a top DEG from the whole brain microglial RNAseq

(Figs. 6g and 8g), we found equally focal induction in the SNr and

pallidum of Tbk1-µG-KO mice (Fig. 8h).

Next, we asked if this focal microglial activation in the SNr, could

lead to increased phagocytic activity, signs of neuronal damage or

synaptic changes (pruning). However, we did not detect changes in

CD68 staining (for phagocytic activity) in Tbk1-KO microglia (Supple-

mentary Fig. 12k, l), nor reduced dendritic (tyrosine-hydroxylase

positive) staining of dopaminergic neurons, or overall reduced

(GABAergic) neuronal numbers (Supplementary Fig. 13a–d). We also

did not find overall changes in synaptic density and apposition of pre-/

post-synaptic markers in the SNr (Supplementary Fig. 13e–j).

When looking for early neuronal stress, we found c-FOS+/

Neurotrace+ neurons in the SNr only of Tbk1-µG-KO, but theywere very

rare (Supplementary Fig. 13k, l).However, we found in higher numbers,

but still relatively rare, clusters of c-FOS+/Neurotrace+ and phospho-c-

JUN+/Neurotrace+ structures, co-stained with nuclear Hoechst, in the

cytoplasm of microglia, in the SNr exclusively of Tbk1-µG-KO mice

(Supplementary Fig. 13k–n). This suggests phagocytosis by Tbk1-KO

microglia of stressed cells, possibly SNr neurons, although the number

is probably small, as undetected in the global neuronal count (Sup-

plementary Fig. 13c, d).

Finally, but consistent with the microglial Tbk1-KO driven induc-

tion in the SNr of Cxcl10 (Fig. 8h), a major T lymphocyte-attracting

chemokine, we found infiltrating T cells (mostly CD8+), exclusively in

Tbk1-µG-KOmice (Fig. 8i–k). While the infiltration was less focal, it was

still more concentrated in the SNr and pallidum than other brain

regions.

Thus, we spatially localized the Tbk1-KO driven pro-inflammatory

shift of the microglial signature, and found linked T cell infiltration.

This could create a deregulated local cytokine environment at the base

of the social recognition deficit of Tbk1-µG-KO mice.

Discussion
Cell-specific Tbk1 deletion in mice revealed that microglia were much

more affected than MN. While we found increased microglial density

and a pro-inflammatory signature in the spinal cord, this was not suf-

ficient to induce or modify ALS-like MN degeneration. In contrast,

microglialTbk1 loss in the brainwas sufficient to induce FTD-like social

recognition deficits, linked to an early shift to an aged-like microglial

signature sharing features with primed microglia from ageing and

Fig. 6 |Tbk1 loss inbrainmicroglia inducesanearly shift to apro-inflammatory,

aged-like signature. a Setup to compare microglia from young and aged (female)

mice with full or partial microglial specific Tbk1 deletion, to control littermates.

Created in BioRender. Lenoel, I. (2025) https://BioRender.com/ct8qnd6. b PCA

reveals clustering of all samples by age. c Significant DEGs in Tbk1-KOmicroglia at 4

and 22 months vs control microglia and overlapping DEGs between the two ages

(DESeq2, log2FC≥0.5, adjusted p values (FDR) < 0.05, see “Methods”) (for Tbk1-

HET, see Supplementary Fig. 9j). d Venn diagram of DEGs comparing genotypes

and ageing (with partial and total sums indicated). e GSEA showing the top 5

Hallmark pathways upregulated by Tbk1 deletion at 4 and 22 months compared to

control microglia, and during ageing in control microglia (adjusted p values < 0.05,

see “Methods”). f WGCNA revealed only one KO relevant module (see also Sup-

plementary Fig. 9g, h). Data represented as single data points (corresponding to a

singlemouse sample, see Fig. 6a)withmean. Adjustedp values were determined by

a two-tailedWilcoxon test. g, hUpper panels: Red/blue squares indicate significant

UP/DOWNregulations (red/blue DEGs). White squares indicate not significant (ns)

changes. Lower panels: Gene heatmaps with unbiased clustering (centered VST

expression values, see “Methods”). g Heatmap of the top 20 DEGs (ranked by

adjusted p values; marked with a white cross in the upper panel) upregulated in

microglia by Tbk1 deletion at either 4 or 22months compared to control microglia,

and their regulation during ageing in control microglia. Of note, as 10 DEGs were

overlapping, this resulted in a total of 30 DEGs shown. h Heatmap of the top 30

DEGs (ranked as in (g)) upregulated during ageing in control microglia and com-

pared to their regulation in microglia with Tbk1 deletion at 4 or 22 months (vs

control microglia). Purple arrowheads highlight 3 disease-associated microglia

(DAM) markers, Axl, Cst7, and Itgax. i, j GSEA to assess how full microglial Tbk1

deletion compares to partial. GSEA plots comparing KO to WT (i), and HET to WT

(j), at 4 and 22 months, with the top 100 genes significantly upregulated by ageing

in control microglia (genes ranked based on adjusted p values).
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neurodegeneration. This phenotype was associated and likely driven

by focal microglial activation and cytokine production in the sub-

stantia nigra pars reticulata and pallidum, together with T cell infil-

tration. Thus, in the context of FTD, this suggests that changes to

microglia only, without initial activation by affected neurons, can lead

to specific clinical symptoms.

Regarding ALS/FTD human iPSC-models, mutant C9orf72 micro-

glia showed impaired phagocytosis and autophagy34, an overactivated

Fig. 7 | Meta-analysis links Tbk1 deleted microglia to primed microglia from

ageing and neurodegeneration. a UpSetPlot depicting the results of the meta-

analysis comparing the present study’s transcriptome of young brain microglia

with Tbk1deletion (Tbk1-µG-KO4m), ormicroglial cells during control brain ageing

(Tbk1-µG-WT, Ageing), to 3 published RNAseq datasets of microglia isolated at

active neuroinflammatory stages of three neurodegenerative diseasemodels, from

brains of APPNL-G-F/NL-G-F and rTg(TauP301L)4510mice and from spinal cord of SOD1G93A

mice (Neurodegeneration), compared to intrinsic controls in each study. The 46

genes commonly upregulated in all 5 conditions are highlighted with a box,

representing a core gene-set showing that microglia with Tbk1 deletion share fea-

tures with primedmicroglia from ageing and neurodegeneration. b STRING-based

analysis of the protein-protein interactions among the shared 46 genes of the core

gene-set, with three markers of disease-associated microglia (DAM), Axl, Cst7, and

Itgax, highlighted by purple arrowheads, and the central driver, Tnf, highlighted in

red. c Heatmap of the shared 46 genes from the core gene-set showing the fold

changes as found in the published datasets of microglial changes during neuro-

degeneration and from the present study of microglial changes during ageing and

after Tbk1 deletion. Note the less strong upregulation of the 46 genes in ageing and

after Tbk1 deletion, as compared to neurodegeneration models, indicating a

priming. Purple arrowheads highlight the three markers of disease-associated

microglia (DAM), Axl, Cst7, and Itgax, that are present throughout our analysis of

Tbk1 deletion in microglial cells. d Cytoscape-based grouped network analysis of

GO biological processes pathways related to the shared 46 genes of the core gene-

set, with driver genes of each group highlighted (see “Methods”).
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Fig. 8 | Microglial Tbk1-KO leads to focal microglial activation and T cell infil-

tration in the substantia nigra pars reticulata. a Representative IBA1 immuno-

fluorescence image of microglia in brains of 4-month-old Tbk1-µG-KO mice. Filled

arrowhead: Pallidum (Pa), Empty: Substantia nigra pars reticulata (SNr). Enlarge-

ments show representative images of focal microglial activation in the SNr of Tbk1-

µG-KO vs control Tbk1-µG-WT mice. Scale bar = 2mm. b Quantification of IBA1

immunofluorescence intensity in different brain regions between Tbk1-µG-KO and

control mice. n = 4 mice per genotype (males only). Adjusted p values determined

by repeated measures two-way ANOVA with Sidak’s multiple comparisons test.

cRepresentative IBA1 images ofmicroglia (green) with nuclear PU.1 (red) in the SNr

of Tbk1-µG-KO and Tbk1-µG-WT mice. Scale bar = 50 µm. Enlargement, microglial

morphology. Scale bar = 10 µm. d–f Quantification of microglia characteristics in

the SNr: d density, e processes, and f process length. n = 4 mice per genotype

(males only). Adjusted p values determined by two-tailed unpaired t-tests.

g Expression profile of a top DEG (Cxcl10) from the brain microglial RNAseq

(Fig. 6g) comparing Tbk1-µG-KO to Tbk1-µG-WT mice. RNAseq TPM values are

shown and fold changes indicated (DESeq2, log2FC≥0.5, adjusted p values < 0.05).

n = 5 (4-month-old, except Tbk1-µG-WT, n = 6) or n = 6 (22-month-old, except Tbk1-

µG-WT, n = 7) mice per genotype (females only). h Representative Cxcl10 mRNA

expression image (RNAscope) of 4-month-old Tbk1-µG-KO and Tbk1-µG-WT (male)

micebrain sections. Scale bar = 2mm. Enlargement showingCxcl10expressiononly

in the SNr of Tbk1-µG-KO mice. Scale bar = 20 µm. i Representative images of

microglia (IBA1+) and T cells (CD3+) in the SNr of 4-month-old Tbk1-µG-KO (KO) and

Tbk1-µG-WT (WT) mice. Scale bar = 50 µm. j Quantification of CD3+ T cells density.

n = 4mice per genotype (males only). Adjusted p values determined by a two-tailed

unpaired t-test. k Representative images of microglia (IBA1+), T cells (CD3+), and

CD8+ subtype T cells in the SNr. Scale bar = 20 µm.h, k Full set ofmice were stained

(n = 4 mice per genotype, males only), with one representative image shown.

b, d–g, j Data are shown as single data points and means ± SEM.
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response to LPS34,35, and toxicity towards MN35, although the effects

could vary in strength36. Mutant PFN1 microglia showed autophagy

dysregulation and deficient phagocytosis37. Together it shows that

ALS/FTD iPSC derived microglia can show cell-autonomous

deregulations.

Regarding ALS/FTD mouse models, for OPTN-linked ALS,

microglial-specific Optn deletion was sufficient to induce an axonal

pathology in mice38. Similarly, for C9orf72-linked and TARDBP-linked

ALS/FTD, microglial-specific C9orf72-39 or Tardpb-deletions40, pro-

duced neuropathological signs in mice. But in these cases clinical

phenotypes were not assessed40, or only assessed in systemic KO

mice38,39. More directly, for GRN-linked FTD, microglial-specific Grn

(progranulin) deletionwas sufficient to induce (obsessive-compulsive)

FTD-like behavioral defects41, which were also found in systemic Grn-

KO mice42. In contrast, for SOD1-linked ALS, overexpressing mutant

SOD1 in microglia, was not sufficient to induce an ALS-like

phenotype43, while reducing mutant human SOD1 overexpression

only in microglia, slowed disease progression, but not onset10. Toge-

ther with our results, this suggests that while microglia are of prime

importance for the ALS/FTD disease spectrum, depending on the

specific disease form, microglial defects can either cause specific dis-

ease symptoms, or rather contribute to ongoing disease. Although

mechanistically not yet fully resolved, our results support the emer-

ging concept that microglial defects can directly cause neurological

dysfunction.

To understand how microglial Tbk1 loss leads to social recogni-

tion defects, we performed RNAseq and revealed that Tbk1 deletion

induced a pro-inflammatory, aged-like signature in youngmicroglia. In

mice, CNS ageing is associated with social recognition impairment,

without changes to sociability44, similar to our young microglial Tbk1-

KO mice, and consistent with a link between Tbk1 and microglial age-

ing. In support of this,we found the senescencemarkerCdkn1a(p21) to

be induced in Tbk1-KO brain microglia. By a meta-analysis we com-

pared our Tbk1-KO microglia to microglia from different neurode-

generative disease models and during ageing and found a common

core-set of upregulated genes. While the signature of Tbk1-KO micro-

glia was also shifted in the spinal cord, this was less strong than in the

brain, with Tnf (a central driver identified in the meta-analysis, Fig.7b)

only induced in KO brain microglia. Thus, while Tbk1 loss affected

microglia in both spinal cord and brain, this only led to a neurological

phenotype in the brain, suggesting differences on how microglial

defects per se contribute to ALS and FTD.

With respect to how Tbk1-KOmicroglia react under inflammatory

conditions, we found that both in vitro and in vivo, Tbk1 deletion led to

a dampened pro-inflammatory response to LPS. However, microglial

Tbk1 deletion did not impact acute or chronicMNdamage. In contrast,

under homeostatic conditions, microglial Tbk1 deletion shifted

microglia to a pro-inflammatory, aged-like signature and led to social

recognition deficits. Thus, the effect of Tbk1 deletion is dependent on

the physiological situation.With respect toTBK1-linked FTD, this could

suggest that the effect on the disease is rather early, before microglia

enter a chronic neuroinflammatory state later in the disease.

Regarding the focal microglial activation in the SNr and pallidum

ofmicroglialTbk1-KOmice, the knownhighbaselinemicroglial density

of these regions31,32 could be a contributing factor. With respect to the

circuits linked to social recognition (social memory/novelty pre-

ference), they involve diverse brain regions45. While the SNr and pal-

lidum are not specifically known for social recognition, studies have

linked the midbrain, including SN/VTA dopaminergic neurons and

interpeduncular nucleus GABAergic neurons to social recognition46–50,

and unrelated microglial-specific gene-deletions (Fmr1 and Cannabi-

noid receptor type 1) have also been linked to social recognition

deficits51,52.

A possible downstream consequence of microglial defects could

be deregulated synaptic pruning53. With respect to ALS/FTD,

deregulated synaptic pruning was detected in FTD-linked systemic

Grn-KO42 and ALS/FTD-linked systemic C9orf72-KO mice39, which both

show behavioral defects. While deregulated synaptic pruning was not

assessed in microglial-specific Grn-KO mice41, it was reported in

microglial-specific C9orf72-KO mice, although if this leads to a beha-

vioral phenotype was not assessed39. While we did not detect signs of

synaptic changes in microglial Tbk1-KO mice, the observed cytokine

induction could havemore subtle effects on synapses. The classic view

describes microglial cytokines as amplifiers of neuroinflammation54,

but they can have physiological roles by acting on neuronal activity55.

Thus, the microglial-produced cytokines in the affected SNr of

microglial Tbk1-KO mice, together with the infiltrating T cells (also

sources of cytokines), could act on neuronal activity, inducing the

behavioral deficit we identified. Of note, during normal ageing inmice,

increased CNS T cell infiltration has been reported and associated to

the more pro-inflammatory state of aged microglia56, similar to what

we found with our aged-like shifted young Tbk1-KO microglia.

Despite the increased spinal cord microglial density and pro-

inflammatory signature, we did not detect overt signs of MN degen-

eration in microglial Tbk1-KO mice. Crossing systemic Tbk1+/− mice to

mutant SOD1 ALS mice showed a dual-effect with earlier disease onset

but extended survival14,57. This led to the hypothesis of a protective

effect from reducing microglial Tbk1. However, we found no disease

ameliorating effects of Tbk1-KOmicroglia in ALSmice, suggesting that

the reported beneficial effects were not driven by Tbk1 deletion in

microglia only. Furthermore, we recently showed that systemic knock-

in mice with the rare human C-terminal TBK1E696K mutation, developed

a mild motor phenotype58. In contrast to most other ALS-linked TBK1

mutations, this TBK1E696K mutation retains partial protein expression.

However, we cannot rule-out a dominant-negative effect in addition to

the loss-of-function of most other TBK1-mutations, and a direct con-

tribution from microglia could not be assessed with this systemic

model. Likewise, a recent study reported that systemic Tbk1+/− mice

with myeloid deletion of one Tak1 copy (another RIPK1 inhibitor),

produced signs of MN degeneration4. Together with another study of

systemic TBK1 activity reduction, which exacerbated C9orf72

dipeptide-aggregate mediated neurodegeneration in mice59, these

studies highlight the link of TBK1 loss to ALS/FTD. However, these

approaches were not designed to assess the specific disease link of

TBK1 in microglia.

Certain limitations apply to this study. TheCx3cr1-credriver is also

active in certain peripheral and CNS-associated macrophage popula-

tions (e.g., perivascular/meningeal macrophages). While we have not

detected CNS infiltration of peripheral macrophages, it remains pos-

sible that part of the phenotype could have been produced by Tbk1

deletion in non-microglial macrophage populations, which could also

have been part of our protocol to isolate microglia.

While we used complete microglial Tbk1 deletion, actual TBK1-

linkedALS/FTD is due tohaploinsufficiency5. However, centralfindings

of our study (social recognition deficit, increased microglial density)

showed already intermediate effects in Tbk1-µG-HET mice. Thus, in

mice additional stress from full Tbk1deletion is needed for disease-like

defects.

A complex behavioral disorder like FTD is difficult to model in

mice, however, certain behavioral defects inmice could be called FTD-

like, including social interaction deficits identified in a 3-chamber

test60–62. The inability of our microglial Tbk1-KO mice to distinguish

between a known and a new social interactor can be considered a

symptom comparable to the deteriorating social functions of FTD

patients, which includes disinhibition behavior but also apathy (e.g.,

lack of interest to interact with novel stimuli). Memory defects could

also be involved. While FTD is generally not linked to memory loss,

early memory deficits are specifically associated with TBK1-linked

FTD63. While we have found spatial memory to be normal in our mice,

the social recognition deficit is linked to a social memory deficit,
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suggesting a possible link between microglial TBK1 loss and specific

symptoms of TBK1-linked FTD.

In conclusion, we reveal that reducing Tbk1 in microglia only is

sufficient to lead to an FTD-like social recognition defect. The phe-

notype is linked to an early shift towards a pro-inflammatory, aged-like

microglial signature with focal microglial activation in the SNr and

pallidum, together with T cell infiltration. This adds support to the

importance of microglial disease contributions in the ALS/FTD spec-

trum and suggests that part of the TBK1-linked FTD disease has its

origins in microglial defects.

Methods
Animals
All the mice were on a C57Bl6/J genetic background. The following

transgenic mouse lines were used: Tbk1flox/flox mice (Model #11131,

C57BL/6-Tbk1tm1.1mrl) were from Taconic Biosciences; VAChT-Cre

mice (Vesicular Acetylcholine Transferase) were obtained from Dr.

Hidemi Misawa (Keio University, Japan)20; ChAT-Cre mice (B6.129S-

Chattm1(cre)Lowl/MwarJ, #031661) were from Jackson Laboratory (USA);

BAC-transgenic Cx3CR1-Cremice (Tg(Cx3cr1-Cre)MW126Gsat/Mmucd,

MMRRC (Mutant Mouse Resource and Research Center), #036395-

UCD)22,23 were obtained from Dr. Eric Huang (UCSF, USA), is not a

knock-in line and does not affect the endogenousmouse Cx3cr1 locus;

and SOD1G93A mice (B6.Cg-Tg(SOD1*G93A)1Gur/J, #004435) were from

Jackson Laboratory. For all experiments, all the 3 different mouse

genotypes per age were littermates. For mouse genotyping, primers

used were: 5′-AAGAAGCCAAAAGATTGATTGC-3′, 5′-GATCA-

TATCTCCAACAGTACAGAGG-3′ to detect Tbk1 and Tbk1flox alleles (179

vs 359 bp) and 5′-ATGCTTCTGTCCGTTTGCCG-3′, 5′-CCTGTTTTGC

ACGTTCACCG-3′ to detect the BAC-Cx3cr1-Cre transgene (271 bp).

Mouse strains purchased from the Jackson Laboratoryweregenotyped

according to themanufacturer’s instructions. Housing conditionswere

as follows: temperature 20 ± 2 °C, humidity: 55 ± 10%, light–dark cycle:

12–12 h, ventilation: approximately 12 cycles per hour of filtered/non-

recycled air. All animal procedures (including end-stage definition)

were performed in accordance with the guidelines for the care and use

of experimental animals of the European Union and approved by the

ethics committee for animal experimentation number 5 (CE5) of Ile-de-

France (#36402/40885 at the CEF/UMS-28 and #47179 at the Paris

Brain Institute).

In vitro analysis of primary mouse microglial cells
Microglial cell culture. Cultured microglial cells were derived from

the brains of 0 to 1-day-old Tbk1-µG-WT, Tbk1-µG-HET, and Tbk1-µG-KO

mice according to ref. 64. After genotyping, brains of 2–4 pups per

genotype were recovered in cold dissection medium (1× PBS, 100U/

mL Penicillin and 100 µg/mL Streptomycin, Glucose 6 g/L). Olfactory

bulbs and cerebellum were removed, hemispheres were split, and

meninges removed. Hemispheres were cut in pieces using angled

scissors and put in Dulbecco’s Modified Eagle Medium (DMEM, Gibco,

41965-039). Cells were dissociated, spun down (900 rpm, 9min) and

resuspended in culture medium (DMEM, 10% Fetal Calf Serum (FCS,

Gibco, 16000-044), 5 U/mL Penicillin, 5 µg/mL streptomycin (Gibco,

15070-063), 50μM ß-mercaptoethanol (Gibco, 31350-010)). Finally,

cells were plated in dishes coated with poly-ornithine (1.5μg/mL) and

incubated (37 °C, 5% CO2) in 10 cm petri dishes with a density of 106

cells per plate. Mediumwas changed 7 days later. 14 days after plating,

plates were shaken for 1 h and the floating cells recovered, spun down,

and resuspended in cold DMEM, washed, resuspended in medium

(DMEM, 10% FCS, 50μMß-mercaptoethanol) and incubated (37 °C, 5%

CO2). Cells were plated in 24-well plates with 250,000 cells/well for

RNA and supernatant collection, and 100,000 cells/well for immuno-

fluorescence and phagocytosis analysis. 24 h later, medium was

replacedwithmediumplus stimulus: Lipopolysaccharide (LPS, 100 ng/

mL, Sigma, L6143), or Polyinosinic-polycytidylic acid (poly I:C, 50 µg/

mL, Invivogen, Tlrl-pic) or Interleukin-4 (IL-4, 20 ng/mL, R&D systems,

404-ML) or regularmedium. After 24 h, supernatant was collected and

cells were either fixed for immunocytochemistry (4% PFA, 10min) or

RNA extracted (RNeasy Micro Kit, Qiagen).

Phagocytosis assay. After 22 h of stimulation, pHrodo E. coli bio-

particles (Invitrogen, P35361) were added to the medium (1:10) and

incubated for 2 h. Images were then taken and analyzed with the

ArrayScan (ThermoFisher).

NO assay. Nitrite concentration in supernatants were determined

using the Griess Reagent System (Promega, G2930) according to

manufacturer’s instructions and the absorbance at 540 nm was mea-

sured with Spectramax i3× (Molecular Devices).

Immunocytochemistry. Fixed cells were incubated for 30min in

blocking buffer (PBS, 0.1% Triton ×-100 (PBST), 10% Normal Goat

Serum (NGS)) and overnight at 4 °C with primary antibodies: mouse

anti-CRE (1:500, Millipore MAB3120), rabbit anti-TBK1 (1:100, Abcam

Ab40676), and biotin-Cd11c (1:50, Biolegend 117303). Cells were

washed (PBST) and incubated with secondary antibodies (for 1 h dilu-

ted 1:500 in PBST): goat anti-rabbit (Alexa 488, A11008), goat anti-

mouse (Alexa 594, A21125), and Hoechst (1:5000 in PBS, 5min only,

ThermoFisher 33342). Biotin-antibody was revealed using the Alexa

Fluor-488 Tyramide SuperBoost Kit (ThermoFisher, B40932). Images

were taken and analyzed using the ArrayScan (ThermoFisher) or

AxioImager Z1 microscope (Zeiss) with ZenPro (v3.1) software.

RNAseq. RNA was purified using the RNeasy Micro Kit (Qiagen).

300ng of RNA per sample were used to prepare RNAseq libraries,

using the KAPA mRNA Hyperprep Kit (Roche). Final sample pooled

library preps were sequenced on a NovaSeq 6000 Sequencing System

(ILLUMINA) with the S1-200 cartridge corresponding to 2 × 26millions

of paired-end reads per sample, after demultiplexing. Quality of raw

data has been evaluated with FastQC (http://www.bioinformatics.

babraham.ac.uk/projects/fastqc). Poor quality sequences were trim-

med or removed with Trimmomatic65 software to retain only good

quality paired reads. The IlluminaDRAGENbio-IT platform (v3.8.4)was

used to align reads on mm10 mouse reference genome and quantifi-

cation with the gencode v25 annotation gtf file. Library orientation,

library composition, and coverage along transcriptswere checkedwith

Picard tools. Following analyses were conducted with R software. Data

were normalized with DESeq2 (v1.26.0) bioconductor packages, prior

to differential analysis with glm framework likelihood ratio test from

DESeq2 workflow. Multiple hypothesis adjusted p values were calcu-

lated with the Benjamini–Hochberg procedure to control FDR. Finally,

enrichment analysis was conducted with clusterProfiler R package

(v3.14.3) with Gene Set Enrichment Analysis on Hallmark database.

Tbk1 RT-qPCR in cultured microglial cells. 300 ng of RNA was used

to obtain cDNA with the SuperScript IV Kit using random hexamers

(ThermoFisher), according to manufacturer’s instructions. cDNA was

then used to perform qPCR with TaqMan universal PCR Master Mix

(ThermoFisher), with Tbk1 primers (00451150, ThermoFisher) and Tbp

primers (00446973, ThermoFisher) in 384-well-plates, using the

LightCycler 480 (Roche). Data were analyzed using LightCycler

480 software (v1.5).

Disease-stage analysis in SOD1
G93A mice

A cohort of approximately 20 mice per genotype (10 males and 10

females) were followed weekly from the presymptomatic stage

(around 50 days) until disease end-stage (around 165 days). The

breeding strategywasdesigned to obtain all the genotypes in the same

litter, and SOD1G93A/Tbk1-µG-WT mice were used as controls to detect

genetic derivation (abnormal disease duration), which was a criterion
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for exclusion. Mice were followed for signs of paralysis and weighed

weekly as an objective and unbiased measure to track the disease

course. The time of disease onset was retrospectively determined as

the time when mice reached either peak body weight or peak grip

strength (Bioseb, grip test; average of three consecutive measures

once a week). The time of early disease (symptomatic stage) was

defined as the age at which the animals had lost 10% of their maximal

weight or 35%of theirmaximal grip strength, which is accompanied by

gait alterations and failure of the hindlimb splaying reflex, but without

obvious signs of paralysis. The end stage is defined by the mouse’s

incapacity to right itself up within 20 s when placed on its side. This is

the endpoint used for euthanasia in mutant SOD1-expressing ALS

model mice10.

Sciatic nerve crush in mice
Surgery. Mice received analgesia (Buprenorphine, Vetergesic, 0.1mg/

kg) prior to the surgery. Mice were then placed under isoflurane

anesthesia, and the right sciatic nerve was exposed via an incision in

the flank followed by the separation of underlyingmuscles. The sciatic

nerve was crushed twice for 10 s, using a straight Castroviejo needle

holder at the level of the obturator tendon. After surgery, mice

received again analgesia (Buprenorphine, Vetergesic, 0.1mg/kg) for

3 days, twice per day. Functional recovery was assessed by pawprint

analysis (see below) and electrophysiology (see below).

Pawprint analysis. Pawprint analysis was started prior to the surgery,

and was done daily, from 7 days after the surgery until 28 days. Mice

were placed on the Catwalk XT (Noldus), with wet paws to obtain

robust prints despite no weight on the injured limb. An optimum of 3

independent continuous runs were recorded, to get 3 independent

pawprint measurements. Print length and toe-spread were measured

using the Catwalk XT software (Noldus), and sciatic functional index

was calculated according to (Inserra et al., 1998)66, using the pre-

surgery measurements instead of the contralateral data.

Electromyography. Mice received analgesia (Buprenorphine, Veter-

gesic, 0.1mg/kg) prior to the procedure. Mice were then placed under

isoflurane anesthesia. Two stimulation needles were place sub-

cutaneously near the lumbar region of the spinal cord, and two

recording needles were placed in the gastrocnemius muscle. Signals

were recorded using BioAmp (ADInstruments) and analyzed by Lab-

Chart8 (ADInstruments). Compound muscle action potential (CMAP)

was measured with supra-maximal stimulations.

Mouse behavior
3-chamber test. 4-month-old male mice were used to assess social

behavior by a fully blinded experimenter (regarding the genotype).

Sociability and social recognition (social memory, social novelty pre-

ference) were assessed by using the 3-chamber social task. Mice were

first habituated to the 3-chamber cage (Noldus) and allowed to explore

the three chamberswith empty cylinders for 5min. Trials 1–4 took place

24h later. For trials 1–3 (sociability), the testedmouse was placed in the

middle chamber, and an unfamiliar mouse of the same background,

age, sex, and weight was placed in a cylinder in the left or right cham-

ber. The other chamber contained an empty cylinder. The testedmouse

was allowed to explore for 5min and put in its home cage for 15min

before the next trial. All trials were recorded using a camera and

MediaRecorder software (Noldus). Position of the stranger was alter-

nated between trials, and the same stranger was used for all 3 trials of a

testedmouse. For trial 4 (social recognition/memory), the testedmouse

was placed in the middle chamber, the now-familiar mouse was placed

in a cylinder in the left or right chamber, and a novel unfamiliar mouse

was placed in the right or left chamber. The testedmouse was recorded

and allowed to explore freely for 5min. The recorded videos were

analyzed offline with EthoVision XT software system (v17.0, Noldus).

The time spent in the area around each cylinderwas quantified to assess

social interactions, while the total distance travelled, and average

moving speed (mean velocity) was used to evaluate locomotor activity.

Resident-intruder test. Social interaction in the home cage between

freely moving mice was assessed by the resident-intruder test. The

mousewasplaced in its homecageunder a recording camera (Noldus),

without lids, and environment stimuli were removed. An unknown

mouse (different from the ones used for the 3-chamber test) of the

same age, sex, weight, and genetic background was placed in the

opposite side of the cage, and interactions were recorded for 5min

using MediaRecorder software (Noldus). The recorded videos were

analyzed manually by a blinded experimenter and non-aggressive

contact number and duration were quantified.

Morris water maze test. 4-month-old male mice were used to assess

spatial memory by a fully blinded experimenter (regarding the geno-

type). Mice were first habituated to swimming for 1min in a circular

pool of 1.5m in diameter filled with opaque water (21 ± 1 °C) with non-

toxic white paint. Mice were then trained for 7 days to locate a hidden

platform using visual cues on the walls during 4 trials of maximum

1min per day, each trial starting in a different corner of the pool. 48 h

after the learning phase, a probe test was done by removing the plat-

form and tracking mice for 1min. During the whole test, mice were

tracked using ANY-Maze software. Time to reach the platform was

quantified during the training phase of the test, and time spent in the

platform quadrant was quantified during the probe test. Animals that

never learned to find the platform in less than 30 swere excluded from

the analysis.

Mouse tissue collection
Mice were deeply anesthetized with xylazine (Rompun 0.2%) and

ketamine (Imalgene 500) and euthanized by transcardial perfusion

with 0.1M PBS followed by 4% paraformaldehyde (liquid 32% PFA,

Electron Microscopy Sciences, 15714) in phosphate buffer. Lumbar

spinal cords and brains were collected and post-fixed in 4% PFA for

respectively 4 and 24 h. Tissues were then cryoprotected in 30%

sucrose in PBS for 72 h before freezing in isopentane at −40 °C.

For electron microscopy, mice were anesthetized as described

and were transcardially perfused with 2% paraformaldehyde (liquid

32% PFA, Electron Microscopy Sciences, 15714) and 2% glutaraldehyde

(liquid 10% glutaraldehyde, Electron Microscopy Sciences, 16010) in

phosphate buffer.

Immunohistochemistry analyses
Antibody labeling. Lumbar spinal cord transverse serial cryosections

of 30μm thickness, and sagittal and coronal brain sections of 20 µm

thickness were used to perform immunohistochemistry. Floating sec-

tions were incubated in a blocking solution containing 0.1M PBS, 0.3%

Triton ×-100 (or 1% Triton ×-100 for nuclear antigens) and 5% horse

serum (Eurobio Scientific) for 1 h at room temperature, shaking. Sec-

tions were then incubated overnight at 4 °Cwith the following primary

antibodies diluted in blocking solution: mouse anti-p62 (1:500,

ab56416, Abcam), goat anti-ChAT (1:200, ab144p, Abcam), mouse anti-

CRE (1:500, MAB3120, Merck Millipore), rabbit anti-IBA1 (1:500,

W1W019-19741, Wako), goat anti-IBA1(1:1000, ab5076, Abcam), rabbit

anti-PU.1 (1:100, 2258S, Cell Signaling Technology), rabbit anti-p-cJUN

(1:200, 9261, Cell Signaling Technology), rabbit anti-GABARAPL1

(1:500, 11010-1-AP, Proteintech), mouse anti-Ubiquitin (1:300, FK2

BML-PW8810, Enzo Life Science), mouse anti-Cytochrome c (1:1000,

556432, BD sciences), rat anti-LAMP1 (1:500, 1D4B, DSHB), rabbit anti-

NFL (1:500, ab9568, Abcam), mouse anti-NFH (1:500, RT97, MAB5262,

Merck Millipore), mouse anti-GAD 67 (1:500, MAB5406, Merck Milli-

pore), chicken anti-IBA1 (1:1000, 234 009, Synaptic Systems), rat anti-

CD169 (1:200, MCA94G, Biorad), rat anti-CD3 (1:100, MCA500G,
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Biorad), rat anti-CD8 (1:100, MCA609G, Biorad), rat anti-CD68 (1:400,

MCA1957, Biorad), mouse anti-Bassoon (1:200, ab82958, Abcam),

rabbit anti-Homer1 (1:400, 160003, Synaptic Systems), guinea pig anti-

Synaptophysin1 (1:500, 101 004, Synaptic Systems), rabbit anti-PSD95

(1:500, 20665-1-AP, Proteintech), rabbit anti-VGAT (1:1000, 131 003,

Synaptic Systems), rabbit anti-TH (1:1000, T9237-13, USBiological),

rabbit anti-cFOS (1:1000, 226 008, Synaptic Systems, overnight at

room temperature), rabbit anti-p21 (1:100, ab188224, Abcam). The

different stainings were revealed using species-specific Alexa Fluor-

488, -555, -594, or -647 secondary antibodies (1:500, Life Technolo-

gies), diluted in 0.1M PBS, 0.3% Triton ×-100. Neurotrace dye (N21480,

ThermoFisher, 20min in PBS) was used to counterstain motor neu-

rons. Nuclear stain was done using Hoechst (33342, ThermoFisher,

5min in PBS). Fluorescence was preserved with Fluoromount G (00-

4958-02, ThermoFisher). For high resolution STED microscopy, STAR

secondary antibody (1:500, STORANGE-1001, Abberior) was used with

mounting medium (solid antifade MM-2013, Abberior).

RNAScope. mRNA staining was performed on spinal cord sections for

Tbk1 with the RNAscope Probe for Mm-Tbk1 (Biotechne, 418591) and

on sagittal brain sections for Cxcl10with the RNAscope Probe for Mm-

Cxcl10 (Biotechne, 408921) according to manufacturer’s instructions

and followedby immunohistochemistry to stainmicroglial cells (rabbit

anti-IBA1, 1:500, Wako).

Image acquisition. Images were acquired using a AxioImager Z1

microscope (Zeiss) with ZenPro (v3.1) software, or an upright

Spinning-Disk Confocal 3i microscope (Intelligent-Imaging) with a

Hamamatsu Orca Flash 4.0 (sCMOS) camera, and Slidebook software

(3i). Overview of brains were obtained using the Axioscan (Zeiss). For

high resolution, images were acquired using Facility Line STED

microscope (Abberior Instruments). Images were processed using

Fiji software (ImageJ).

Image analysis. Morphology analysis of microglia was done using the

skeleton plug-in in Fiji according to ref. 67 and at least 50 microglia

were assessed per image. 3D analysis of imageswas done using IMARIS

software (v10.1.1), to quantify synaptic density and phago-lysosomal

volume. For analysis of MN in the spinal cord, the entire ventral spinal

cord was analyzed per image. In the brain, images were taken only in

the region of interest. For all quantifications, at least 4 images were

taken and analyzed per condition/mouse.

Electron microscopy
Tissue processing. After tissue collection, spinal cords were sliced in

1mm thick sections and post-fixed in 2% glutaraldehyde and 2% par-

aformaldehyde in sodium cacodylate buffer 0.1MpH 7.4 (caco) for 2 h

at 4 °C. Samples werewashed 5 timeswith caco and then post-fixed for

1 h at RT in a caco solution containing 1% osmium tetroxide and 1.5%

potassium ferricyanide. After extensive washes with distilled water,

they were incubated for 1 h in 2% uranyl acetate in water. They were

then dehydrated in a graded series of ethanol solutions. Final dehy-

dration was performed twice in 100% acetone for 20min. Samples

were then progressively infiltrated with an epoxy resin, Epon 812®

(EMS, Souffelweyersheim, France): 1 night in 50% resin/50% acetone at

4 °C in an airtight container, 2 × 2 h in pure fresh resin at room tem-

perature. They were embedded in gelatin capsules (size 3, EMS,

Souffelweyersheim, France) and the resin was polymerized at 56 °C for

48 h in a dry oven.

Sectioning. Blocks were cut with an UC7 ultramicrotome (Leica, Leica

Microsystems SAS, Nanterre, France). Semi-thin sections (0.5μm

thick) were stained with 1% toluidine blue in 1% borax. Ultra-thin sec-

tions (70 nm thick) were recovered on copper grids and contrasted

with Reynold’s lead citrate (Reynolds, ES (1963).

Imaging. Ultrathin sections were observed with a Hitachi HT7700

electron microscope (Milexia, Saint Aubin 91190, France) operating at

100 kV. Pictures (4096 × 4096 pixels) were taken with a Nanosprint12

camera.

RNAseq in vivo
Mouse motor neuron isolation. Motor neuron laser-microdissection

was performed as in our earlier studies13,68. Briefly, mice were deeply

anesthetized with xylazine (Rompun 0.2%) and ketamine (Imalgene

500) and euthanized by transcardial perfusion with ice-cold 0.1M PBS.

Lumbar spinal cords were rapidly recovered, rinsed, and frozen in

−40 °C Isopentane in HistoPrep OCT compound (Fisher Scientific

International), cryosectioned (16μm)and sectionsmounted onRNase-

free PEN-Membrane covered glass slides (Leica, 11505189). Sections

were fixed for 60 s in 75% EtOH and stained for 30 s in 4% cresyl-violet

acetate/0.3% acetic-acid (Sigma) to identify motor neurons, dehy-

drated in graded solutions of ethanol (70%, 95%, 100%) and dehy-

drated for 1 h before laser-microdissection (Leica LMD-7000). From

one spinal cord, 200 large (diameter ≥ 25μm) ventral horn motor

neurons of the lumbar L4–L6 region were collected dryly, then

immediately lysed in lysis buffer (NucleoSpin RNA XS Kit, Machery-

Nagel) and the lysate stored at −80 °C. RNA was isolated with the

NucleoSpin RNA XS Kit (with DNase treatment).

LPS injections. Mice received intra-peritoneal injections of lipopoly-

saccharide (LPS, Merck, L2654, 4mg/kg) 24 h before microglial isola-

tion. After 24 h, efficiency of the injection was confirmed by 10% of

weight loss of the mice.

Mouse microglia isolation. Of note, we used a mechanical dissocia-

tion without enzymatic treatment to avoid any artefactual activation.

Microglia isolation was performed as in an earlier study69. Briefly, mice

were all females andwere deeply anesthetized using xylazine (Rompun

0.2%) and ketamine (Imalgene 500) and euthanized by transcardial

perfusion with ice-cold 0.1M PBS followed by tissue collection. Brains

were processed individually, and 2 spinal cords were pooled from 2

mice with the same genotype. For isolation after LPS, 2 spinal cords

were harvested and two half brains were processed per individual

datapoint. Tissues were Dounce homogenized in ice cold Hank’s

balanced salt solution (HBSS) 10 times with the loose and 5 times with

the tight pestles. Tissues were passed through a 70μm cell strainer

(Corning). Cells were pelleted by centrifugation (300 × g, 5min),

resuspended in 40% Percoll solution (GE Healthcare), HBSS, and cen-

trifugated (30min, 500 × g, 4 °C). Myelinwas then removed by Percoll.

The cell pellet was washed in HBSS and resuspended in PBS/2mM

EDTA (Life Technologies). Cells were stained with Zombie Green

(1:1000, Biolegend) for 15min at 4 °C. All samples were then washed

and resuspended in ice cold FACS buffer (5% FCS, 2mM EDTA, in 1×

PBS) with TruStain FcX (Biolegend) for 10min. Antibodies were then

added, CD11b (PE, 1:100, Biolegend, 101207) and CD45 (SBB700, 1:20,

Biorad,MCA1031), and incubated for 20min at 4 °C. Finally, liveCD45+,

CD11b+ cells were sorted using a Biorad S3 cell sorter (see gating

strategy as Supplementary Fig. 14). Approximately 30,000 cells were

isolated per brain sample and 6000 per two spinal cords and directly

lysed with RNA lysis buffer (RNeasy Micro Kit, Qiagen). Lysates were

stored at −80 °C before RNA extraction according to manufacturer’s

instructions (RNeasy micro kit, Qiagen, with DNase treatment).

Quantity of RNA used for sequencing was adjusted to the number of

cells sorted and equal amounts of cells per sample were sequenced.

Tbk1 RT-qPCR from isolated microglial cells. RNA from brain

microglial cells of Tbk1-µG-WT and Tbk1-µG-KO mice was used to

obtain cDNA with the SuperScript IV Kit (ThermoFisher), according to

manufacturer’s instructions. Quantity of RNA used for cDNA was

adjusted to the number of cells sorted and equal amounts per sample
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used. cDNA was then used to perform qPCR with TaqMan universal

PCR Master Mix (ThermoFisher), and Tbk1 primers (00451150, Ther-

moFisher Scientific) andTbpprimers (00446973, ThermoFisher) in 96-

well-plates, using the LightCycler 96 Real Time PCR System (Roche).

Data were analyzed using LightCycler 96 software (v1.1).

Sample preparation and RNAseq. RNA obtained from isolated motor

neurons and brain microglial cells were processed and sequenced

together. RNA obtained from spinal cordmicroglial cells, and brain and

spinal cord microglial cells after LPS injection were processed and

sequenced together. Preparation of cDNA libraries for RNAseq was

done using the SmartSeq2 method according to manufacturer’s

instructions (SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing,

TaKaRa). For motor neurons, half (9.5 µL) of the total amount of eluted

RNA (per sample) was used as starting material for reverse transcrip-

tion. For brain microglia, the equivalent of 5000 cells was used as

starting material for reverse transcription. For spinal cord and LPS-

stimulated microglia, the equivalent of 3000 cells was used. For all,

reverse transcription was followed by 12 cycles of pre-amplification.

150 pg of cDNA was used for RNAseq sequencing library preparation,

according to manufacturer’s instructions (Nextera XT DNA Library

Preparation, Illumina). Final sample pooled library preps were

sequenced on a NovaSeq 6000 Sequencing System, ILLUMINA with S1-

200 cartridge corresponding to 2 × 34 millions of (paired-end) reads

per sample after demultiplexing. Quality of rawdata was evaluatedwith

FastQC. Poor quality sequences have been trimmed or removed with

Trimmomatic software to retain only good quality paired reads. Illu-

mina DRAGEN bio-IT Plateform (v3.8.4) was used to align reads on

mm10 mouse reference genome (except for the in vivo LPS-stimulated

microglial experiment that was aligned on mm39) and quantification

with a gencode v25 annotation gtf file. Library orientation, library

composition and coverage along transcripts were checked with Picard

tools. Following analyses were conducted with R software. Data were

normalized with DESeq2 (v1.26.0) bioconductor package, prior to dif-

ferential analysis with glm framework likelihood ratio test fromDESeq2

workflow. Multiple hypothesis adjusted p values were calculated with

the Benjamini–Hochberg procedure to control FDR. Finally, enrich-

ment analysis was conducted with clusterProfiler R package (v3.14.3)

with Gene Set Enrichment Analysis, on Hallmark and custom Ageing

database. Over-representation analysis was done using EnrichR.

Weighted correlation network analysis. WGCNA analysis was per-

formed on 35 samples, corresponding to the three genotypes (Tbk1-

µG-WT, Tbk1-µG-HET, and Tbk1-µG-KO; n = 5–7 per genotype and age)

ofmicroglial Tbk1 deletion in young and agedmice. Filtering was done

first on the TPM value: only genes with a TPM= 1 in at least 5 samples

(number of samples in the smallest group) were kept. We then exclu-

ded genes with the lowest variance (threshold set at 25%). At the end,

the analysis was done on 11,534 genes. For the WGCNA analysis the

authors recommend using VST-transformed counts (varianceStabil-

izingTransformation from DESeq2 package). Variance stabilizing

transformation was done on the 35 samples. To build the signed net-

work, we used a power = 12. Modules were identified using aminimum

module size of 100 genes. Correlation was calculated between gene

expressions (VST) and the module eigengene using R’s standard cor

function (Pearson’s correlation). P values were calculated using

WGCNA’s corPvalueStudent function. Eigengenes represent the

weighted average expression profile in each module.

Meta-analysis. Upregulated genes in microglia in diseases were

extracted from published works (log2FC >0.5, adjusted p

value < 0.05)29,30. Upset plot was generated using UpSetR70. STRING

analysis wasperformedusingCytoscape (v3.10.1) andpathway analysis

using the ClueGO application using the Gene Ontology biological

process database.

Statistics and reproducibility
All manual counts were performed in a blinded manner. All data were

presented as means with standard error of means as error bars. All

statistics were performed using GraphPad Prism v10 (if not otherwise

mentioned). Since sample sizes were too small, data was assumed to

follow normal distribution, and statistical tests were chosen accord-

ingly. All statistical tests were two-sided (if not otherwise mentioned)

and the level of statistical significance was set at p or adjusted p <0.05

(as mentioned). For all results that show representative images

(micrographs), the experiment was done with at least n = 4 mice per

genotype and condition, and if quantifications were done, at least 4

images were taken and analyzed per condition/mouse.

Brown–Forsythe tests were performed to test whether equal SDs

could be assumed or not. Welch’s tests were used when SD were dif-

ferent. Two-tailed unpaired t-test, Welch’s t-test, one-way or two-way

ANOVAs followed by Tukey’s multiple comparisons test or Dunnett’s

multiple comparisons test were performed to compare different

groups, or groups to a control group, respectively. Fisher LSD was

performed to compare two groups and Sidak’s multiple comparisons

testwasperformed to comparegroupswith repeatedmeasures.Mixed

effect models were used to compare repeated measures data when

some data were missing. Chi-square test was used to compare the

distribution of cells into subpopulations. For survival, or disease

course analysis, Log-rank tests were performed.

For RNAseq data, the identification of DEGs was done using the

DESeq2 method (with a two-tailed Wald test), and results were filtered

by fold changes (log2FC≥0.5 or log2FC ≥ 1.0, as mentioned) and

(Benjamini–Hochberg) adjusted p values < 0.05 (FDR). Pathway

enrichment GSEA for pathway enrichment is based on a

Kolmogorov–Smirnov test according to Subramanian et al., 2005

(PMID: 16199517). Heatmaps show centered VST (Variance stabilizing

transformation) expression values of the indicated genes (or as men-

tioned). Cytoscape gene/protein network analysis used a hypergeo-

metric test, and group p values are indicated (p < 0.05) and were

corrected with Bonferroni step down.

For the 3-chamber test sociability assessment, a linear mixed-

effects model (LMM) was used to analyze the time of interaction with

social elements across various genotypes. The fixed effects of the

model included Social Element (S1 and E) and Genotype (Tbk1-µG-WT,

Tbk1-µG-HET, and Tbk1-µG-KO), with Trial added as a covariate. A

random intercept for each mouse was introduced to the model to

control for intra-mouse variability due to the repeated measures

design. To assess the significance of themain and interaction effects in

the model, we conducted Type II Wald chi-square test using the

ANOVA function in the car R package. The level of statistical sig-

nificance was set at a p value < 0.05. These statistical analyses were

conducted using R version 4.2.2 (R Development Core Team, 2022).

Reporting summary
Further information on research design is available in the Nature

Portfolio Reporting Summary linked to this article.

Data availability
The RNAseq data generated in this study have been deposited in the

GEO database under accession code GSE254229. This superseries

contains: - GSE254228 for RNAseq of micro-dissected motor neurons

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE254228) -

GSE254217 for RNAseq of in vitromicroglia (https://www.ncbi.nlm.nih.

gov/geo/query/acc.cgi?acc=GSE254217) - GSE254227 for RNAseq of

FACS-sorted brain microglia (https://www.ncbi.nlm.nih.gov/geo/

query/acc.cgi?acc=GSE254227) - GSE290810 for RNAseq of FACS-

sorted spinal cordmicroglia, and LPS-stimulated brain and spinal cord

microglia (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=

GSE290810) The full lists of DEGs and GSEA pathways from the RNA-

seq data are provided in Supplementary Data 1–6. Part of the RNAseq
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results (see Figs. 3c–g and 6) can also be visualized in our public web

portal (https://boillee-rnaseq.icm-institute.org). Source Data are pro-

vided with this paper (Supplementary Data 7).
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