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Abstract
Background: TBK1 haploinsu�ciency has been shown to cause both amyotrophic lateral sclerosis (ALS)
and frontotemporal dementia (FTD); however, the mechanism is unclear. 

Methods: A myeloid Tbk1 knockout mice (Tbk1-LKO mice) was established. Motor functional and
pathological analyses were also performed. The p-TBK1 was tested by �ow cytometry in the ALS animal
model and patients. The in�ammatory proteins and mRNA was analyzed by Western blot and RT-PCR.

Results: We found that the latency to fall in seven-month-old Tbk1-LKO mice was signi�cantly reduced on
evaluation on two consecutive days. Overall, 25.6% of Tbk1-LKO mice presented paralysis symptoms and
signs along with a loosened myelin sheath and axon degeneration at 14-16 months of age. Furthermore,
Tbk1 de�ciency in myeloid cells induced in�ammatory cell in�ltration and dysbacteriosis in the digestive
tract. Additionally, p-Tbk1 content was reduced by 29.5% and 14.8% in monocytes of de�nite ALS and
probable ALS patients and decreased by 27.6% and 45.5% in the monocytes and microglia of ALS
animals, respectively. PEI-mannose-TBK1 or PEI-mannose-SaCas9-sgRNA for deleting mutant SOD1 in
macrophages signi�cantly delayed disease onset and prolonged survival in the ALS mouse model. 

Conclusions: These data suggest that in�ammatory monocyte and macrophage in�ltration and impaired
innate immune defense are contributing factors to ALS and FTD.

Background
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by progressive
loss of motor neurons in the cortex, brain stem, and spinal cord[1–2]. TANK-binding kinase1 (Tbk1)
haploinsu�ciency mutations have been shown to contribute to the pathogenesis of ALS and
frontotemporal dementia (FTD)[3–7].

TBK1, a member of the IκB kinase (IKK) family, regulates immune defense during microorganism
intrusion[8]. TBK1 phosphorylates IRF3 and upregulates IFN-beta for defense against virus infection in the
innate immune signaling pathway[9]. TBK1 controls energy metabolism by inducing the degradation of
the IKK kinase NIK in adipocytes[10], and is also involved in the insulin resistance mechanism related to IR
Ser994 phosphorylation in a genetic model of diabetes [11]. Tbk1 germline knockout (KO) mice die
embryonically at E14.5 due to liver degeneration[12]. The recent generation of Tbk1 conditional KO mice
has demonstrated that Tbk1 maintains the immune balance in the body[13–15]. Our previous study
demonstrated that Tbk1 deletion in neuron progenitor cells caused mild cognitive and locomotor
de�cits[16]. Additionally, several studies have supported the hypothesis that a human endogenous
retrovirus in motor neurons is activated in ALS patients[17–18]. Therefore, we speculated that deleting
Tbk1 in phagocytes, as the �rst defense against microorganism attack, could be facilitate ALS
pathogenesis.
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Methods
Study cohort

All patients were diagnosed according to the El-Escorial criteria for de�nite and probable ALS. Patients
were considered sporadic based upon a negative family history. Individuals with confounding conditions
affecting the immune system were excluded. Age- and sex-matched healthy controls were chosen, as
listed in Table s1.

Animal models

Tbk1�/� mice were generated by Taconic, and SOD1G93A transgenic mice (B6SJL-TgN [SOD1-G93A] 1Gur)
were obtained from Jackson Laboratories. Tbk1�/� mice were crossed with LysM-cre mice to generate
Tbk1�/� LysM-cre (termed Tbk1-LKO) and Tbk1�/� WT mice. Animals were bred and maintained under
controlled conditions (12-h light/dark cycles, 60% ± 10% relative humidity, 22 ± 1°C). The copy number of
the hSOD1 gene was evaluated by real-time PCR. Body weight was measured every 7 days, starting at
approximately 60 days of age.

Animal experiments were carried out according to the laboratory animal management regulations
promulgated by the Ministry of Science and Technology of the People’s Republic of China, which are in
accordance with the NIH Guide for the Care and Use of Laboratory Animals.

PEI-mannose packaging

According to the protocol of In vivo-jetPEI®-Man (Polyplus transfection), the nucleic acids, including
TBK1 plasmid and AAV-SaCas9-sgRNA targeting SOD1, and reagent were separately diluted in a 5%
glucose solution and then mixed together, and after a 15 min incubation at room temperature (RT), the
nucleic acid/in vivo-jetPEI®-Man complexes were injected into the animals via the tail vein.

Cell culture

The NSC-34 cell line was routinely maintained in DMEM (Invitrogen, CA, USA; cat. No: 21063-029)
supplemented with 10% heat-inactivated FBS (Invitrogen; cat. No: 16000-044) and antibiotics (100 IU/mL
penicillin and 100 µg/mL streptomycin).

THP-1 cells were routinely maintained in RPMI-1640 medium (Gibco, 8119144) supplemented with 10%
heat-inactivated FBS (Invitrogen; cat. No: 16000-044) and antibiotics (100 IU/mL penicillin and 100
µg/mL streptomycin).

Human primary monocyte culture

After written informed consent was obtained, we collected peripheral blood from subjects. Human
primary PBMCs were isolated with HISTOPAQUE-1077 (Sigma-Aldrich) according to the manufacturer’s
protocols. Cells were maintained in RPMI-1640 medium (Gibco, 8119144) supplemented with 10%
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(vol/vol) FBS, 2 mM glutamine, penicillin (100 U/mL) and streptomycin (100 mg/mL). For monocyte
differentiation into macrophages, M-CSF (20 ng/mL, Sino Biological, 11792-H08H) was added for 7 days.

Inhibitors and activators

Amlexanox (LKT Labs, A4944), Nik smi1 (MCE, HY-112433), BV6 (MCE, HY-16701 ), human TNF alpha
(Sino Biological, 10602-HNAE), and mouse Tnf alpha (Sino Biological, 50349-MNAE) were used.

Immunohistochemistry

Following transcardiac perfusion with 4% paraformaldehyde, mouse tissues were removed and further
�xed for 24 h in the same �xative, followed by para�n embedding. The tissue was cut into 5 μm
sections. The sections were permeabilized with 0.3% Triton X-100 and then washed three times in 0.01 M
phosphate-buffered saline (PBS). After blocking with 3% H2O2 in methanol for 15 min and in 10% horse
serum for 1 h at RT, the sections were incubated overnight at 4℃ with antibodies against IBA1 (1:500,
Wako, 019-19741), Chat (1:500, Abcam, 178850), NeuN (1:500, Millipore, MAB377), CD11B (1:100,
Proteintech, 20991-1-AP), Arginase1 (1:100, Proteintech, 16001-1-AP), or GFAP (1:200, Millipore,
MAB360). The sections were subsequently incubated at RT with a biotin-conjugated secondary antibody
(ZSGB-BIO, 1:200) for 2 h, followed by incubation with HRP-conjugated streptavidin (ZSGB-BIO, 1:200) for
1 h and 0.03% diaminobenzidine as a chromogen for 10 min. Slides were mounted and analyzed by light
microscopy (Olympus BX51).

Muscle morphology

Ten-micron frozen cross-sections were stained with HE, and the stained sections were visualized using an
Olympus microscope (BX53). Images were captured with a digital camera and analyzed using image
analysis software (DP73). Approximately 300 �bers of the gastrocnemius were recorded, and the �ber
area was calculated using ImageJ.

Confocal laser scanning microscopy

Spinal cord sections (obtained as described above) were washed three times in 0.3% Triton X-100/PBS
and blocked in 10% horse serum for 30 min. Primary antibodies against P100 (1:100, Cell Signaling,
4882), Neu N (1:100, Millipore, MAB377), GFAP (1:200, Millipore, MAB360), phospho-Tbk1 (1:50, Cell
Signaling, 5483), and IBA1 (1:200, Wako, 019-19741) were applied overnight at 4℃. After washing, the
sections were incubated with �uorescent secondary antibodies for 1 h at RT. The slides were observed
using confocal fluorescence microscopy (Olympus FV1000).

Western blotting

Protein expression in the cortex and cerebellum was quanti�ed by western blotting. Total protein was
extracted using a total protein extraction kit (Applygen Technologies Inc., P1250). Fifty micrograms of
protein from each sample was separated on a 10% or 12% SDS-PAGE gel and transferred onto PVDF
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membranes. The membranes were incubated overnight at 4°C with primary antibodies, including those
against β-actin (1:2000, Proteintech, 60008-1-Ig), CD11B (1:1000, Proteintech, 20991-1-AP), P100 (1:1000,
Cell Signaling, 4882), Arginase1 (1:1000, Proteintech, 16001-1-AP), GAPDH (1:5000, Proteintech, 10494),
or hSOD1 (1:10000, Abcam, ab51254). Following incubation with fluorescent secondary antibodies for 1
h at RT, an Odyssey Infrared Imaging System (LI-COR, Lincoln, NE) was used to detect the bands of
interest.

Quantitative RT-PCR

Copy number: DNA was isolated from the mouse tail using an extraction kit (Generay Biotechnology,
Shanghai, China) according to the manufacturer’s instructions. Quantitative PCR was performed using
synthetic primers, SYBR Green (Generay Biotech Co., Ltd., GK8020) and an M3005P system (Agilent
Technologies, Santa Clara, CA, USA). The following sequences were used in this assay: hSOD1, 5’-
CATCAGCCCTAATCCATCTGA-3’ (forward) and 5’-CGCGACTAACAATCAAAGTGA-3’ (reverse); and mIL2, 5’-
CTAGGCCACAGAATTGAAAGATCT-3’ (forward) and 5’-GTAGGTGGAAATTCTAGCATCATCC-3′ (reverse).
The ampli�cation conditions were as follows: 95°C for 10 min followed by 40 cycles of amplification at
95°C for 30 s, 60°C for 1 min, and 72°C for 30 s. The difference in CT (ΔCT) values was computed as the
difference between the human SOD1 CT value and the mouse IL2 CT value (ΔCT=mIL2 CT-hSOD1 CT).

Total RNA was isolated from the tissues using an RNA rapid extraction kit (Generay Biotech Co., Ltd.,
GK3016) in accordance with the manufacturer’s protocol. cDNA was prepared using AMV reverse
transcriptase and random primers (Promega, A3500). Targeted gene primers and SYBR Green (Generay
Biotech Co., Ltd., GK8020) were used for quantitative PCR on an M3005P (Agilent Technologies, Santa
Clara, USA). After incubating the samples at 95°C for 10 min, 40 cycles of ampli�cation at 95°C for 10 s,
60°C for 20 s, and 72°C for 15 s were performed. GAPDH was used as a reference gene. The synthesized
primers used here are listed in Table s2.

Flow cytometry

Osmotic lysis of red blood cells was performed using 45 mL of RBLB (red blood cell lysis buffer: 50 mM
NH4Cl, 70 mM NaHCO3, 0.1% EDTA, ddH2O) for 5 mL of whole blood for 10 min at RT. Leukocytes were
centrifuged for 5 min at 500×g at 4°C and washed twice in PBS. Leukocytes were resuspended in 400 μL
of PBS and stained with antibodies speci�c for cell surface antigens (CD11B-FITC, 1:100, BD, 557396;
Ly6c-APC, 1:100, eBioscience, 17-5932-82; CD206-PE, 1:100, eBioscience, 12-2061-82; F4/80-APC, 1:100,
eBioscience, 17-4801; CD14-APC, 1:100, BD, 555399; and CD16-perCY-CY5.5, 1:100, BD, 560717) for 30
min on ice in the dark. After washing in PBS, the stained cells were �xed and permeabilized by adding
500 µL of Fixation/Permeabilization solution (Cyto�x/CytopermTM Plus Fixation/Permeabilization Kit, BD,
554714) and incubated at RT in the dark for 20 min. Thoroughly resuspended �xed/permeabilized cells
were incubated with p-TBK1-PE (1:100, Cell Signaling, 13498) at 4°C for 30 min in the dark. After washing
cells twice with 1×BD Perm/WashTM buffer and resuspending in staining buffer, �ow cytometric analysis
was then performed.
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Electron microscopy

Tissues were �xed in 4% glutaraldehyde and treated with 1% OsO4 in 0.1 M PBS. The samples were
dehydrated through graded acetone solutions and embedded in EPON 812. Ultrathin sections (70 nm)
were placed on a copper grid and stained with uranyl acetate and lead citrate. The samples were
observed by transmission electron microscopy (TEM, JEM-1230).

Bielschowsky staining

Staining of nerve �bers was carried out using a Hito Bielschowsky OptimStain Kit (HTKNS1126). Brie�y,
the slides were incubated with Solution 1 for 15 min, followed by immersion in the Developer solution for
1-8 min until the tissues became golden-brown. After incubation with Solution 4, sections were rinsed
with distilled water, dehydrated, cleared, and coverslipped.

Motor function test

A rotarod (Rota-Rod; Ugo Basile, Gemonio, Italy) was used to assess motor function in mice. With an
arbitrary cut-off time of 180 s, three once-per-week trials were performed, and the longest time was
recorded. The onset of disease was determined as a reduction in rotarod performance between weekly
time points. The weight of the mice was measured every 7 days, starting at 60 days of age.

Accelerated rotarod testing. Mice were placed on the top of the revolving beam for 4 successive trials/day
for 2 days, with 20-min intertrial intervals. The rod was accelerated gradually from 4 to 28 rpm over 2 min.
Latencies before falling from the rod were recorded.

The footprints of the mice were recorded during continuous locomotion. The stride length was measured
as the distance between footprints, and the average stride length was calculated from three stride
lengths.

The weight of the mice was measured every 7 days, starting at 60 days of age.

Microbiota analysis

Total DNA was extracted from the feces of mice. PCRs targeting the V3-V4 regions of the 16S rDNA genes
(probes used: 319F, 5’-ACTCCTACGGGAGGCAGCAG-3’ and 806R, 5’-GGACTACHVGGGTWTCTAAT-3) were
performed, and sequencing reactions were performed using Illumina HiSeq sequencing technology for
paired-end reads. Paired-end reads obtained were merged using FLASH v1.2.11 software, and reads with
a length ≥ 400 bp were kept for the following analysis. The merged sequences were processed with
QIIME v1.8.0, and the sequences were binned into operational taxonomic units (OTUs) based on 97%
identity. Alpha diversity, richness, Venn diagrams, heat maps, principal coordinate analysis, and linear
discriminant analysis were further processed with a bioinformatic pipeline tool, BMK Cloud online
(Biomarker Technologies Corporation, Beijing, China).
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Statistical analysis

Data were analyzed using SPSS 13.0 software. Lifespan was compared between groups of mice by the
Kaplan–Meier method. Comparisons among multiple groups were performed using one-way ANOVA
followed by Student–Newman–Keuls or Dunn’s T tests. All values are expressed as the mean ± S. E., and
P < 0.05 was considered statistically signi�cant.

Results
Tbk1-LKO leads to motor injury

Recent works strongly support that TBK1 haploinsu�ciency causes neurodegeneration, including ALS
and FTD. It is well known that TBK1 plays a pivotal role in the innate immune response against virus
infection. Therefore, we generated Tbk1 conditional KO mice by crossing Tbk1-�ox mice[10] with LysMcre
mice expressing Cre in the myeloid cells that induce the innate immune response. The resulting Tbk1�/�

LysMcre (hereafter called Tbk1-LKO) mice and Tbk1�/� wild-type (WT) control mice were genotyped by
PCR (Figure 1A). Flow cytometry analyses readily detected that the rate of p-Tbk1 in the ly6c-positive
monocytes of WT mice was 5.6%; however, that in the Tbk1-LKO mice was 0.4% (Figure 1B). To assess
the behavioral impact of Tbk1 deletion, locomotor function was evaluated by the rotarod test in Tbk1-
LKO and age-matched WT mice. Seven-month-old Tbk1-LKO mice exhibited a signi�cantly reduced
latency to fall on evaluation on two consecutive days (WT on day one: 179.4±17.84 s, Tbk1-LKO on day
one: 122.2 ±20.04 s; WT on day two: 222.6±11.86 s, Tbk1-LKO on day two: 165.6 ±24.92 s; Figure 1C). To
determine whether the locomotor damage in the Tbk1-LKO mice deteriorated with increasing age, the
common conditions of thirty-nine Tbk1-LKO mice were recorded until the cut-off age of 14-16 months
(Figure s1A). Overall, 25.6% of Tbk1-LKO mice presented paralysis, abnormal footprints and stretch width,
weight loss and shortened survival (Figure 1D-I, Figure s1A). Furthermore, as shown in Figure 1J and
Figure s1B, the gastrocnemius �ber area was reduced by 24% in the Tbk1-LKO mice compared with that
in WT mice. We hypothesized that Tbk1 deletion could result in motor neuron degeneration and gliosis in
the spinal cord. Surprisingly, we did not �nd degenerated motor neurons or activated microglia or
astrocytes in the spinal cord (Figure s2A-C). Subsequently, sciatic nerve staining was performed,
including toluidine blue staining, Bielschowsky staining and osmic acid staining, which demonstrated
that the myelin sheath was dramatically loosened, with axon degeneration (G-ratio and axon diameter in
WT: 0.73 and 7.96 μm; Tbk1-LKO: 0.56 and 5.8 μm; Figure 1K-M).

mRNAs, including those of macrophage-related factors, were quanti�ed, and we found that the mRNA
levels of Mcp1, CD68 and Tnf-alpha showed a dramatic increase in the sciatic nerve of Tbk1-LKO mice
compared with those in WT mice (Figure s3A). Therefore, we speculated that Tnf-alpha could induce
motor neuron damage. However, neither human nor mouse Tnf-alpha damaged motor neuron-like cell
lines, as evaluated by cell activity (human Tnf-alpha: 0.83±0.02 vs control: 0.8±0.02; mouse Tnf-alpha:
0.64±0.01 vs control: 0.72±0.05; Figure s3B-C). Interestingly, mouse Tnf-alpha combined with amlexanox
(AML), which is a speci�c inhibitor of TBK1, signi�cantly inhibited the activity of cells (mouse TNF+10
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μM AML: 0.48±0.03; mouse TNF+100 μM AML: 0.28±0.01 vs control: 0.72±0.05), and cell activity was
especially inhibited by addition of BV6 (0.19±0.0025 vs control: 0.72±0.05), which activates p52. Nik-
smi1, a noncanonical NF-κB inhibitor, restored cell activity by 11.1% compared with that Tnf-alpha and
AML were administered (0.3±0.02). These data supported that Tbk1 ine�ciency combined with Tnf-alpha
coinduced neuron degeneration that was partially rescued by a noncanonical NF-κB inhibitor.
Furthermore, AML activated human leukemic monocytes (THP-1) at doses of 1 μM and 10 μM. NF-κB2
p52, which is a product of p100 processing, translocated into the nucleolus with RELB and induced the
activation of noncanonical NF-κB pathways. Inhibition of Tbk1 activity by AML induced a two-fold
increase in p52 generation in THP-1 cells (Figure s3D-F).

Tbk1-LKO induced intestinal tract in�ammatory monocyte in�ltration

Interestingly, we found that the intestinal tract was severely swollen in the Tbk1-LKO mice, especially in
the small intestine (Figure 2A). Hematoxylin and eosin (HE) staining showed a large amount of
in�ammatory cells in�ltrated in the mucous and submucous layers (Figure 2B). Flow cytometry analysis
showed that the abundance of CD11b-positive cells with high expression of Ly6c signi�cantly increased
in the small intestine, both of which are markers of in�ammatory monocytes (Figure 2C). Given that
axonal pathology is related to in�ammatory cell in�ltration, CD11b expression was evaluated in the
cortex, spinal cord, muscle, spleen, liver and small intestine. The level of CD11b was signi�cantly
increased in the small intestine in Tbk1-LKO mice (Figure 2D-E). The CD11b-positive cells aggregated on
mainly the mucosa of the small intestine (Figure 2F). Macrophages in the small intestine are derived from
monocytes and differentiate into M1 macrophages that highly express CD68 and Tnf-alpha and into M2
macrophages marked by Arg1 and Ym1 expression. Real-time PCR revealed that the levels of Arg1 and
Ym1 were signi�cantly reduced and that the levels of Tnf-alpha and CD68 did not show an increased
tendency in the small intestine and colon in the Tbk1-LKO mice compared with those in WT mice (Figure
2G). We further performed immunostaining and immunoblotting to evaluate Arg1 expression in the small
intestine. Arg1-positive cells were located mainly in the lamina propria of the small intestine. Consistent
with the reduced level of Arg1 mRNA, Arg1 protein expression was also dramatically reduced in Tbk1-LKO
mice (Figure s4A-C). Therefore, Tbk1 deletion in myeloid cells could induce in�ammatory monocyte
in�ltration in the small intestine.

Next, enteric bacterial 16S sequencing was performed to determine whether Tbk1-LKO damaged the
homeostasis of the microbiome in the gut. Indeed, the ratio of Firmicutes vs Bacteroidetes was reduced
by 32% in the Tbk1-LKO mice compared with that in WT mice (Figure 2H-I, p=0.05). Through KEGG
prediction, dysbacteroisis could be related to immune disease and neurodegenerative disease (Figure 2J).

The level of p-Tbk1 was reduced in in�ammatory monocytes and microglia in ALS patients and animal
models

Since Tbk1 deletion in myeloid cells led to nerve injury, the level of Tbk1 phosphorylation in leukocytes
was tested by �ow cytometry in ALS patients and an ALS animal model that overexpresses human
mutant SOD1. Based on side and forward scatter patterns, we could determine three groups of cells,
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lymphocytes (purple), granulocytes (blue) and monocytes (green). In particular, the monocytes had a
higher level of p-Tbk1 than the granulocytes and lymphocytes (Figure 3A). Furthermore, the classical
monocytes were gated by CD14 positive and CD16 negative signals, and we found that the mean
�uorescent intensity (MFI) of p-Tbk1 was reduced by 29.5% and 14.8% in monocytes of de�nite ALS and
probable ALS patients compared with that in monocytes of healthy subjects (Figure 3B, Figure s5A). In
addition, 50% of ALS patients presented a lower level of p-TBK1 MFI than that in healthy subjects (Figure
s5B). The level of p-Tbk1 was also analyzed by �ow cytometry in the monocytes and microglia of ALS
animals based on ly6c and cd11b expression, and p-Tbk1 was decreased by 27.6% and 45.5%,
respectively (Figure 3C-E). Subsequently, spinal cord sections were stained for CD11b and p-Tbk1 at
different stages (60 days, 90 days, and endstage), which showed that p-Tbk1 was located in mainly
amoeboid microglia characterized by a round cell body and thin �lopodium-like processes, with little p-
Tbk1 in rami�ed inactive microglia. With the progression of disease, the abundance of activated
microglia signi�cantly increased in the spinal cord and did not overlap with p-Tbk1 signal (Figure 3F).
Thus, the reduced level of p-Tbk1 in the monocyte-macrophage system could contribute to the
pathogenesis of ALS.

Recent studies demonstrated that human endogenous retrovirus (HER-V) activation might be one of the
causes of ALS. Therefore, the mRNA of HERV-Kevn, HERV-Kpol and HERV-Kgag and the mRNA of IFN-
beta, TNF-alpha and MAVS, which are related to activation of the TBK1-IRF3-IFN-beta pathway, were
evaluated by real-time PCR. Figure s6A shows that the level of IFN-beta mRNA decreased signi�cantly
with the increase in TNF-alpha in the monocytes of ALS patients. However, we did not �nd that HERV-K
was activated in the monocytes (Figure s6B). The rate of in�ammatory monocytes was also signi�cantly
increased in the ALS patients (Figure s6C). The monocytes of ALS patients were further differentiated
into macrophages by using M-CSF, which showed a shedding cell process and increasing phagocytosis
rate (Figure s6D-E).

PEI-mannose TBK1 extends survival of ALS transgenic mice

Considering that the level of p-Tbk1 was decreased in monocytes and microglia, the noncanonical NF-κB
pathways could be activated in the ALS animal model. As shown in Figure 4A and Figure s7A, p52 was
markedly increased in the ALS animal model, especially in microglia (Figure s7B). Therefore, we
hypothesized that activated microglia, monocytes or macrophages expressing mutant SOD1 might be a
potential therapeutic target. Moreover, we evaluated the distribution of PEI-mannose linked the p-EGFP-N1
plasmid targeting macrophages by intravenous injection. The rate of GFP-positive cells was 1.7%, 14.3%
15.8%, 26.3% and 18% among the CD206-positive cells in the blood, spinal cord, liver, spleen and small
intestine, respectively (Figure 4B). The SaCas9-sgRNA5 system, which was used in our previous study
and effectively deleted mutant SOD1 in motor neurons, was delivered by PEI-mannose at the presymptom
stage of SOD1G93A mice. Surprisingly, the onset of disease was signi�cantly delayed for 26 days, and
the footprint and rotarod performance was markedly ameliorated (Figure 4D-G, video 1). However, the
treatment did not signi�cantly prolong the life span of SOD1G93A mice compared with that of the control
mice (Figure 4H-I). Furthermore, PEI-mannose-TBK1 signi�cantly prolonged survival, delayed weight loss
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and preserved additional motor neurons in the SOD1 mutant mice (Figure 4J-K and Figure s8A-B, video
2).

Discussion
FTD is a heterogeneous neurodegenerative disease that often coexists with ALS. Several genetic
alterations, including mutations in the Tbk1 gene, are common to both disorders. Tbk1 loss-of-function
mutations have been shown to cause FTD and familial ALS[5], with reported frequencies of 1.1%, 3.4%,
and 4.5% for these mutations in FTD, ALS, and FTD-ALS, respectively[19]. In this paper, we �rst reported
that p-Tbk1 was reduced in monocytes and macrophages in sporadic ALS patients and in an SOD1 G93A
animal model and that conditional deletion of Tbk1 in myeloid cells induced axonal nerve damage.
Recent studies of Tbk1 conditional KO in B cells, T cells and dendritic cells have shown that Tbk1
regulates the homeostasis of immunity[13–15]. David R Beers and Stanley H Appel deeply reviewed the
immune dysregulation in ALS and suggested that targeting the immune system could provide therapeutic
strategies to ameliorate the pathogenesis of ALS[20]. ALS-related mutations (SOD1, TDP-43, C9, TBK1,
OPTN, etc.) activated in�ammatory responses and released in�ammatory factors, including Tnf-alpha, Il-
6, etc., eventually inducing motor neuron death[20–21]. Myeloid Tbk1 deletion induced in�ammatory
monocyte in�ltration in the digestive tract and motor injury. PEI-mannose-TBK1 or PEI-mannose-AAV-
SaCas9-sgRNA deleting mutant SOD1 in macrophages signi�cantly delayed the disease onset and
prolonged the survival of the SOD1 mutant animals. Thus, the in�ammatory response caused by myeloid
Tbk1 de�ciency could contribute to the pathogenesis of ALS or FTD.

Several studies have supported that the gut microbiome could contribute to the pathogenesis of ALS and
other neurodegenerative diseases. Eran Blacher et al demonstrated that Akkermansia muciniphila (AM)
ameliorates whereas Ruminococcus torques and Parabacteroides distasonis exacerbates the symptoms
of ALS[22]. The ALS mouse model presented a damaged tight junction structure and increased
permeability[23]. In this paper, we found that Tbk1 de�ciency in myeloid cells resulted in an intestinal
microbiome shift, in�ammatory monocyte in�ltration and noncanonical NF-κB activation. The
noncanonical NF-κB pathway selectively activates p100-sequestered NF-κB members, predominantly NF-
κB2 p52 and RELB[24]. Shao-Cong Sun has deeply reviewed the role of noncanonical NF-κB in
in�ammation and immunity and elucidated that the noncanonical NF-κB pathway is slow and
persistently activated by the ligands of a subset of tumor necrosis factor receptor (TNFR) superfamily
members[25–26]. The slow progression with chronic in�ammatory cell in�ltration is the most prominent
feature of ALS or FTD. Thus, enhancing TBK1 activity in macrophages could be a potential therapeutic
target to control in�ammatory cell in�ltration and regulate the intestinal microorganism balance for ALS
or FTD.

Conclusions
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Supplementary Files Legend
Fig s1 (A) Common data about Tbk1-LKO mice. (B) The gastrocnemius �ber area of Tbk1-LKO mice and
WT mice, n=253-281.

Fig s2 Neu N, Chat, GFAP and IBA1 staining in the spinal cord of Tbk1-LKO and WT mice.

Fig s3 A Tbk1 activity inhibitor induced NSC-34 damage and p52 activation in THP-1 cells. (A) Mcp-1, Tnf-
alpha, CD68, Ym-1 and Arg-1 mRNA levels were quanti�ed in the sciatic nerve (SN) of Tbk1-LKO and WT
mice (n=3, *P < 0.05, Tbk1-LKO vs WT). (B-C) Measurement of NSC-34 cell viability after treatment with
AML (0, 10, 100 mM), human TNF-alpha (200, 500 ng/mL), mouse Tnf-alpha (100, 500 ng/mL), BV6
(10mM) and Nik smi1 (10 mM) (n=3, *P < 0.05, Tbk1-LKO vs WT). (D) Measurement of THP-1 cell viability
after treatment with AML (0, 10, 100 mM) (n=3, *P < 0.05, Tbk1-LKO vs WT). (E-F) The expression of p52
was evaluated by Western blot (n=3, *P < 0.05, Tbk1-LKO compared to WT).

Fig s4 (A, C) Arginase-1 (Arg 1) expression in the cortex (co), spinal cord (sp), muscle (mu), spleen (spl),
liver (li) and small intestine (si). n=3, *P < 0.05, compared to WT control. (B) Arginase-1 staining in the
small intestine, n=3, bar=50 mm.

Fig s5 (A-B) MFI and frequency of p-TBK1 in the monocytes of healthy, de�nite ALS and probable ALS
subjects.

Fig s6 (A) IFN-beta, TNF-alpha, MAVS, HERV-Kenv, HERV-Kpol, and HERV-Kgag mRNA levels were
evaluated in the monocytes of ALS patients. (B) The rate of CD14-positive and CD16-negative
in�ammatory monocytes in the ALS patients and controls. (C-D) Representative images of macrophages.

Fig s7 P100/52 statisticallya analysis, n=3, *P < 0.05 (A) P100/52 distribution in the spinal cord (B), n=3,
bar=50 mm.
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Fig s8 (A-B) NeuN and IBA1 staining and analysis of motor neurons in the spinal cord of SOD1G93A mice
treated with PEI-mannose-TBK1, n=3, bar=50 mm, *P < 0.05, compared to WT control.

Table s1 Common data for ALS and healthy subjects.

Table s2 Primers used in this paper.

Video 1 The locomotor activity of mice treated with PEI-mannose-AAV-SaCas9-sgRNA targeting SOD1
was recorded at 120 days of age.

Video 2 The locomotor activity of mice treated with PEI-mannose-TBK1 was recorded at 120 days of age.

Figures
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Figure 1

Behavioral and pathological evaluation of Tbk1-LKO mice. (A) Tbk1-LKO mice were established by
crossing Tbk1�/� mice with LysM-cre mice and genotyped by PCR. (B) p-Tbk1 was analyzed by
cytometry �ow in ly6c-positive cells. (C) The locomotor activity of 7-month-old Tbk1-LKO mice (n = 10-13,
*P < 0.05, compared to WT control). (D-E) Clasping and footprint assessment. (F-G) Stretch width and
stride length measurements (n =5, ***P < 0.001, Tbk1-LKO vs WT). (H) Body weight (n=5, ***P < 0.001,
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Tbk1-LKO vs WT). (I) Survival rate of Tbk1-LKO mice (n=19-39, **P < 0.01, Tbk1-LKO vs WT). (J) HE
staining of gastrocnemius �ber (n=3). (K) Toluidine blue staining (bar = 20 m), Bielschowsky staining
(bar = 10 m) and electronic microscopy images (bar = 2 m) of the sciatic nerve (n=5). (L-M) Mean G-
ratio and axonal diameter analysis in Tbk1-LKO and WT mice (SN: sciatic nerve; n=5; ***P < 0.001,
compared to WT control).

Figure 2
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In�ammatory cell in�ltration in the digestive tract of Tbk1-LKO mice. (A-B) The digestive tract appearance
and HE staining (n=3). (C) The in�ammatory monocytes marked by ly6c and CD11b double positive
signals were analyzed by cytometry �ow, n=3. (D-F) cd11b expression and distribution in the cortex (co),
spinal cord (sp), muscle (mu), spleen (spl), liver (li) and small intestine (si). n=3, *P < 0.05, compared to
WT control. (G) The mRNA of Tnf-alpha, CD68, Ym-1 and Arg-1 was quanti�ed in the small intestine (si)
and colon of Tbk1-LKO and WT mice (n=3, *P < 0.05, Tbk1-LKO vs WT). (H-J) The 16S DNA was
sequenced in the fecal extracts of age-matched WT and Tbk1-LKO mice( n = 3, *P < 0.05, compared to
WT control).
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Figure 3

The level of p-Tbk1 was evaluated in the monocytes and macrophages of ALS patients and an animal
model. (A-B) p-Tbk1 content was analyzed in CD16-negative and CD14-positive classic monocytes from
ALS patients and age-matched healthy subjects (n=12-15). (C-E) The evaluation of p-Tbk-1 content in
monocytes and macrophages of an ALS animal model, n=3, *P < 0.05, compared to WT control. (F) The
distribution of p-Tbk1-positive microglia in the spinal cord of the ALS animal model (n=3). Bar = 100 m.
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Figure 4

Targeting macrophages for treatment in the ALS model. (A) p52 expression in the ALS model (n=3). (B)
Evaluation of GFP expression in macrophages by a PEI-mannose-packaged p-EGFP vector, with CD206
positivity marking macrophages. (C) Schedules of treatment for the ALS animal model. (D, E) Footprints
of transgenic mice treated with PEI-mannose-AAV-SaCas9-sgRNA targeting SOD1 or with a 0.9% normal
saline control, as measured at 120 days of age. (F) The latency to fall in the mice treated with PEI-
mannose-AAV-SaCas9-sgRNA and in the control mice was evaluated. *P<0.05 compared with the control
group. (G-H) Disease onset (G) and survival rate (H) of SOD1G93A mice treated with PEI-mannose-AAV-
SaCas9-sgRNA at the age of 60 days (median±SE, n=5,*P<0.05 compared with the control group). (F-G):
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Survival rate of SOD1G93A mice treated with PEI-mannose-AAV-SaCas9-sgRNA at the age of 90 days
(median±SE, n=6). (J) Survival rate of SOD1G93A mice treated with PEI-mannose-TBK1 at the age of 90
days (median±SE, n=5, *P<0.05 compared with the control group). (K) The weights of the mice treated
with PEI-mannose-TBK1 and the control mice (n=5) were evaluated.
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