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TBK1-mTOR Signaling Attenuates Obesity-Linked
Hyperglycemia and Insulin Resistance
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The innate immune kinase TBK1 (TANK-binding kinase 1)
responds to microbial-derived signals to initiate responses
against viral and bacterial pathogens. More recent work
implicates TBK1 in metabolism and tumorigenesis. The ki-
nase mTOR (mechanistic target of rapamycin) integrates
diverse environmental cues to control fundamental cellular
processes. Our prior work demonstrated in cells that TBK1
phosphorylates mTOR (on S2159) to increase mTORC1
and mTORC2 catalytic activity and signaling. Here we in-
vestigate a role for TBK1-mTOR signaling in control of
glucose metabolism in vivo. We find that mice with diet-
induced obesity (DIO) but not lean mice bearing a whole-
body “TBK1-resistant” Mtor S2159A knock-in allele (Mtor**)
display exacerbated hyperglycemia and systemic insulin re-
sistance with no change in energy balance. Mechanistically,
Mtor S2159A knock-in in DIO mice reduces mTORC1 and
mTORC2 signaling in response to insulin and innate immune
agonists, reduces anti-inflammatory gene expression in adi-
pose tissue, and blunts anti-inflammatory macrophage M2
polarization, phenotypes shared by mice with tissue-specific
inactivation of TBK1 or mTOR complexes. Tissues from
DIO mice display elevated TBK1 activity and mTOR $2159
phosphorylation relative to lean mice. We propose a model
whereby obesity-associated signals increase TBK1 activity
and mTOR phosphorylation, which boost mTORC1 and
mTORC2 signaling in parallel to the insulin pathway, thereby
attenuating insulin resistance to improve glycemic control
during diet-induced obesity.

TBK1 (TANK-binding kinase 1), a noncanonical IKK-related
innate immune kinase, responds to microbial-derived signals

to initiate host defense responses against viral and bacterial
pathogens (1,2). More recent work implicates TBK1 in en-
ergy storage, improved glycemic control, suppression of
proinflammatory responses, and tumorigenesis, revealing
TBK1 as a multifunctional kinase (3-10). The conserved ki-
nase mTOR (mechanistic target of rapamycin) functions as
a metabolic rheostat by integrating multiple environmental
cues to control fundamental cellular functions important
for diverse physiological processes (11-14). mTOR medi-
ates its myriad cellular functions as the catalytic core of
two distinct, multisubunit complexes, mTORC1 (defined by
the partner Raptor) and mTORC2 (defined by the partner
Rictor). Aberrant mTOR complex signaling—either too high
or too low—thus contributes to many pathological condi-
tions including type 2 diabetes, cancer, and immunological
disorders (13,15). Despite the physiological importance of
TBK1 and mTOR complexes, our mechanistic understanding
of how these kinases control diverse processes remains in-
complete, particularly in in vivo settings. In our prior work
we identified TBK1 as a previously unknown upstream ac-
tivator of mTORC1 and mTORC2 in intact cells: we found
that TBK1 interacts with and phosphorylates mTOR (on
$2159) to increase mTORC1 and mTORC2 catalytic activ-
ity and downstream signaling (16,17). Studies from other
groups agree that TBK1 positively regulates mTOR com-
plexes (18,19).

Insulin and related IGFs activate both mTORC1 and
mTORC?2 in a PI3K-dependent manner (14,20,21), although
regulation of mTORC1 remains better defined than that of
mTORC2 (14,21). Insulin/PI3K signals through Akt (phos-
phorylation on T308 [P-T308]), TSC, and Rheb to activate
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mTORC1 on lysosomal membranes after amino acid-
induced recruitment of mTORC1 to lysosomes (12-14).
mTORC1 drives anabolic (e.g., protein, lipid, and nucleotide
synthesis) and suppresses catabolic (e.g., autophagy) cellu-
lar metabolism through phosphorylation of downstream
targets such as S6K1 (T389). In turn, mTORC1 promotes
cell growth and proliferation (13,14). On activation by in-
sulin/PIBK, mTORC2 phosphorylates Akt (S473), which
controls distinct metabolic processes in parallel to Akt/
mTORC1 and promotes cell survival (14,20-23). mTORC1
and mTORC2 play complex roles in glucose and lipid me-
tabolism in vivo, particularly during diet-induced obesity
(15). Adipocyte-specific knockout of Raptor indicates that
mTORC] promotes adipose tissue expansion and sup-
presses adipose tissue inflammation (15,24-26). Adipocyte-
or hepatocyte-specific knockout of Rictor indicates that
mTORC2/Akt (P-S473) promotes glucose uptake and li-
pogenesis in adipose and liver tissues and suppresses
hepatic gluconeogenic gene expression and glucose pro-
duction by the liver in response to insulin (27,28).

TBK1 and its tissue-restricted ortholog IKKe (Ik[3 kinase €)
mediate innate immune responses by inducing transcription
of type I interferons (e.g., IFNo/B) in macrophages and re-
lated phagocytic cells (1,2). Microbial-derived signals such as
viral double-stranded RNA (dsRNA) or bacterial lipopolysac-
charide (LPS) activate the pathogen recognition receptors
toll-like receptor (TLR)3 or TLR4, respectively, leading to ac-
tivation of TBK1 and IKKe on phosphorylation of their es-
sential activation loop sites (S172), possibly by an induced
dimerization and autophosphorylation mechanism or by an
unknown upstream kinase (29,30). When activated, TBK1/
IKKe phosphorylate the transcription factors IRF3 and 7, in-
ducing their nudear translocation and the consequent induc-
tion of type I IFNs (1,2). Our prior work showed that TBK1
signaling to mTORC1 also facilitates the nuclear transloca-
tion of IRF3 and the transcriptional induction of IFNf (16).
Type I IFNs in turn induce interferon-stimulated genes,
which not only mediate antimicrobial responses but also
promote anti-inflammatory responses that resolve acute in-
flammation and limit tissue damage (1,2,31).

More recent work implicates TBK1 in energy storage and
glycemic control, particularly during diet-induced obesity, a
pathologic state linked to myriad metabolic disorders includ-
ing insulin resistance and chronic inflammation (3-7,32).
Treatment of mice with diet-induced obesity (DIO) with am-
lexanox (a pharmacological inhibitor of TBK1 and IKKe) re-
duces body weight and adiposity through increased energy
expenditure (3). These mice also display improved insulin
sensitivity and glycemic control, likely due in part to de-
creased obesity (3). Clinically, amlexanox also reduces body
weight and improves glycemic control in obese patients
(4), revealing TBK1 and IKKe as potential new therapeutic
targets for the treatment of obesity. Similar to system-
wide inhibition of TBK1/IKKe with amlexanox (3), global
reduction of TBK1 kinase activity in DIO mice due to ex-
pression of truncated TBK1 alleles (TbklA/A) (6) reduces
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body weight and adiposity with consequent improvements
in glycemic control, insulin sensitivity, and inflammatory
state (6). Interestingly and unexpectedly, despite a modest
reduction in adiposity with no significant change in body
weight, adipocyte-specific Thk1l knockout mice display exac-
erbated systemic insulin resistance and adipose tissue in-
flammation during diet-induced obesity (5). Taken together,
these findings suggest complex roles for TBK1 in metabolic
control: TBK1 inactivation exerts beneficial (reduced adipos-
ity) and detrimental (increased insulin resistance and inflam-
mation) metabolic effects in the context of diet-induced
obesity (3,5,7). The downstream effectors used by TBK1 to
control energy balance, insulin sensitivity, and inflamma-
tory state remain poorly defined, however.

Tissue-specific knockout mouse models reveal overlapping
roles for TBK1 and mTOR complexes in control of systemic
insulin sensitivity and glucose homeostasis (5,15,24,27,
28,33). Strikingly, adipocyte-specific knockout of Thk1, Mtor,
Raptor (mTORC1 deficient), or Rictor (mTORC2 deficient)
(using adiponectin-Cre) exacerbates systemic insulin resis-
tance during diet-induced obesity, thus impairing glycemic
control (5,24,25,28,33). We therefore tested the hypothesis
that TBK1 and mTOR work together in the same pathway
to control glucose metabolism in vivo. To do so, we studied
a “TBKl-resistant” whole-body (i.e., global) Mtor knock-in
mouse model bearing a nonphosphorylatable Mtor S2159A
allele (MtorA/A), generated in our prior work (16). We report
here that Mtor S2159A knock-in exacerbates hyperglycemia
and systemic insulin resistance during DIO. Mechanistically,
Mtor S2159A knock-in in DIO mice reduces mTORC1 and
mTORC2 signaling in response to insulin, reduces anti-
inflammatory gene expression in adipose tissue, and blunts
anti-inflammatory macrophage M2 polarization. Interest-
ingly, reduced TBK1-mTOR signaling exacerbates insulin re-
sistance in obese but not lean male mice and in DIO male
but not female mice, revealing context-dependent function
for TBK1-mTOR signaling. As we find elevated TBK1 activity
and mTOR S2159 phosphorylation in tissues from DIO
mice relative to lean mice, we propose a model whereby obe-
sity-associated signals increase TBK1 activity and mTOR
phosphorylation in parallel to the insulin pathway, which
boost mTORC1 and mTORC2 signaling to improve glycemic
control.

RESEARCH DESIGN AND METHODS

Materials

General chemicals were from Thermo Fisher Scientific or
Sigma-Aldrich. NP40 and Brij35 detergents were from
Pierce; Pierce Protease Inhibitor Mini Tablets, EDTA-Free,
were from Thermo Fisher Scientific (no. A32955), Phos-
STOP phosphatase inhibitor cocktail tablets were from Roche
(no. 04906845001), 4x Laemmli Sample Buffer was from
Bio-Rad Laboratories (no. 1610747), Protein A Sepharose
Fast Flow beads were from GE Healthcare, Immobilon-P
PVDF Membrane (0.45 pmol/L) was from Millipore, and re-
agents for enhanced chemiluminescence were from either
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Alkali Scientific (BrightStar) or Advansta (WesternBright Sir-
ius horseradish peroxidase substrate).

Generation of Mtor** Mice

Mtor** mice were generated with CRISPR/Cas9 genome
editing technology and genotyped as previously described
(16). Mice were housed in a specific pathogen-free facility
with a 12-h light/12-h dark cycle and given free access to
food and water, except for brief fasts prior to assays of gly-
cemic control, as noted below. All animal use was approved
by the Institutional Animal Care and Use Committee at the
University of Michigan.

Metabolic Phenotyping of Mtor*’* and Mtor~* Mice

Mice were fed either a normal chow diet (NCD) (no. 5001;
Purina LabDiet) or a high-fat diet (HFD) (no. D12492, 60%
calories from fat; Research Diets) beginning at 4 weeks old.
Weekly body weight and biweekly ad libitum fed blood glu-
cose levels were monitored. For insulin tolerance tests
(ITT), mice were fasted for 5 h and then insulin (Humulin
R; Eli Lilly) was injected (1.0 unit/kg body wt i.p. for NCD-
fed mice or 1.3 units/kg body wt i.p. for HFD-fed mice).
Blood glucose was measured at time t = 0, 15, 30, 60, and
120 min with a handheld glucometer (OneTouch Ultra 2;
LifeScan). For glucose tolerance tests (GTT), mice were
fasted for 20 h and then glucose (2 g/kg body wt i.p., Dex-
trose; Hospira) was injected into mice fed an NCD or HFD.
Blood glucose was measured as described above for ITT.
Blood plasma samples were collected in mice fed an NCD
(at 16 weeks old) and in mice fed an HFD for 8, 14, and
20 weeks (at 12, 18, and 24 weeks old). Insulin levels were
measured by commercial ELISA (no. 90080; Crystal Chem).
Body composition of DIO mice (after 20 weeks of HFD
feeding) was measured with a nuclear magnetic resonance-
based analyzer (minispec LFI0ll; Bruker Optics) at the Uni-
versity of Michigan (UM) Animal Phenotyping Core.

Administration of Polyinosinic-Polycytidylic Acid, LPS,
and Insulin In Vivo

Lean mice fed an NCD ad libitum (8- to 14-week-old
males) were injected intraperitoneally with PBS or 0.9%
saline (as indicated in the figure legend), polyinosinic-
polycytidylic acid (poly[I:C]) (10 mg/kg body wt, no. P1530;
Sigma-Aldrich), or LPS (1 mg/kg body wt, no. tlrl-3pelps;
InvivoGen) for 2 h. For experiments with insulin, lean
mice fed an NCD (8-14 weeks old) or DIO mice fed an
HFD for 20 weeks (24-week-old males and females) were
injected intraperitoneally with 0.9% saline or insulin for
30 min after a 5-h fast (1.0 unit/kg body wt for NCD-fed
mice and 1.3 units/kg body wt for HFD-fed mice). Mice
were euthanized postinjection, and tissues were dissected
out and flash-frozen for analysis by Western blot.

Cell Lysis, Tissue Homogenization,
Immunoprecipitation, and Immunoblotting

For lysing bone marrow-derived macrophage (BMDMs)
and mouse embryonic fibroblasts (MEFs) in culture, cells
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were washed twice with ice-cold PBS, pH 7.4, and scraped
into ice-cold lysis buffer A (10 mmol/L KPO, pH 7.2;
1 mmol/L EDTA; 5 mmol/L EGTA; 10 mmol/L MgCly;
50 mmol/L B-glycerophosphate) containing NP-40 (0.5%)
and Brij35 (0.1%) as well as protease and phosphatase in-
hibitors. To lyse gonadal (gWAT) and inguinal G(WAT) white
adipose tissues, samples were homogenized in 1 mL ice-cold
TNE buffer (50 mmol/L Tris, 150 mmol/L NaCl, 1 mmol/L
EDTA, pH 8.0) with protease and phosphatase inhibitors
with a TissueRuptor (QIAGEN). Homogenates were centri-
fuged at 5,000 rpm for 5 min at 4°C, and Triton X-100 was
added (2% final) to the aqueous phase for lysis. To lyse liver
(~100 mg), skeletal muscle (soleus), and spleen tissues, we
homogenized and lysed samples in ice-cold 1 mL radioim-
munoprecipitation assay buffer with protease and phos-
phatase inhibitors. Lysates were centrifuged at 13,200
rpm for 15 min at 4°C, and supernatant was collected. Pro-
tein levels were normalized across samples with DC protein
assay (no. 5000111; Bio-Rad Laboratories). For mTOR immu-
noprecipitation from spleen or liver lysates, a custom anti-
mTOR peptide antibody (amino acids 221-237, rat) was
used (34). mTOR antibody was added to lysates for 2 h at
4°C, followed by incubation with Protein A Sepharose beads
for 1 h. Beads were washed three times in lysis buffer and re-
suspended in 1x Laemmli sample buffer. Immunoblotting
was performed as previously described (16). For monitoring
of mTOR S2159 phosphorylation, a custom anti-mTOR-
P-S2159 peptide antibody was made in collaboration
with Millipore, as previously described (16). All other
antibodies were from Cell Signaling Technology: P-S6K1
T389 (no. 9205), S6K1 (no. 9202), P-Akt S473 (no. 4060),
Akt (no. 9272), P-TBK1 S172 (no. 5483), TBK1 (no.
3504), mTOR (no. 2972), IKKe (no. 3416), and [3-actin
(no. 4970).

Isolation and Treatment of Primary BMDMs

Bone marrow was harvested by flushing femora and tibiae
from mice at 8-14 weeks of age with cold PBS with a 30
G needle (BD) under sterile conditions. Bone marrow cells
were suspended in minimum essential medium with
L-glutamine supplemented with 10% heat-inactivated FBS,
50 units/mL penicillin, 50 pg/mL streptomycin, and
20 ng/mL M-CSF (no. 416-ML; R&D Systems) and plated
into sixwell tissue culture plates. Cells were incubated at
37°C in a humidified atmosphere with 5% CO,, and me-
dium was replaced every other day until day 5, when the ex-
periments were done around 80% confluency. BMDMs were
pretreated without or with Torinl (100 nmol/L) (shared
by Dr. D. Sabatini, MIT, and the Whitehead Institute,
Cambridge, MA), Ku-0063794 (1 wmol/L, no. 3725; Tocris),
or amlexanox (100 pmol/L, 485710; Tocris), and then
stimulated without or with poly(I:C) (30 wg/mL). To
induce M2 polarization, we treated BMDMs with IL-4
(10 ng/mL, no. 214-14; Peprotech) for 24 h or with PBS
(negative control).
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Histology

Liver and gWAT samples <10 mm in length and 4 mm in
thickness were dissected out and fixed in 25 mL 10%
neutral buffered formalin for 72 h at room tempera-
ture. Samples were next dehydrated in 20% sucrose (in
PBS) overnight at 4°C. Tissue samples were embedded in
optimal cutting temperature (OCT) compound and frozen
on dry ice before submission to the UM Animal Phenotyp-
ing Core for histological (oil red O and hematoxylin-eosin
[H-E]) and immunohistochemical (F4/80) staining.

RNA Isolation and Quantitative RT-PCR

Total RNA was isolated from BMDMs with an RNeasy Plus
Mini Kit (no. 74134; QIAGEN) and from gWAT (~100 mg)
and liver (~30 mg) with use of QIAzol Lysis Reagent (no.
79306; QIAGEN) according to the manufacturer’s protocols.
Reverse transcription was done with a High-Capacity RNA-
to-cDNA Kit (no. 4387406; Thermo Fisher Scientific). Quanti-
tative (q)PCR was performed with a StepOnePlus Real-Time
PCR machine (Applied Biosystems) using Radiant Probe mas-
ter mix (no. QP8001; Alkali Scientific) for TagMan gene as-
says and Radiant Green master mix (no. QS2001; Alkali
Scientific) for SYBR Green assays. Relative quantification was
performed with the AACT method. Assay identifiers for the
predesigned TagMan gene expression assays (4331182;
Thermo Fisher Scientific) were as follows: Mm00439552-s1
(Ifnb1), Mm00802529_m1 (F4/80), Mm00441242_m1 (Ccl2),
Mm01302427_m1 (Ccl5), Mm00475988_m1 (Argl),
Mm00546125_g1 (Mgll), Mm00460844_m1 (Mgl2),
Mm01288386_m1 (II10), Mm00445109_m1 (Fizz1),
Mm00657889_m1 (Ym1), Mm00498701_m1 (Cd1lc),
Mm00446190_m1 (Ii6), Mm00434228_m1 (Il1b),
MmO00443258_m1 (Tnfa), Mm00440502_m1 (Nos2),
MmO00839363_m1 (G6pase), Mm01247058_m1 (Pepck),
Mm00490181_m1 (Fbpl), MmO01304257_m1 (Acc),
Mm01302282_m1 (Acl), and Mm00662319_m1 (Fas).
GAPDH (Mm99999915-g1) was used as an endogenous
control for normalization in TagMan qPCRs. Chrebpb
forward (5'-TCTGCAGATCGCGTGGAG-3’) and reverse
(5'-CTTGTCCCGGCATAGCAAC-3') primers were purchased
from IDT. A predesigned Gapdh qPCR assay (Mm.PT.39a.1;
IDT) was used as endogenous control for Chrebpb analysis.

Isolation and Immortalization of MEFs

Male and female heterozygous Mtor ™ mice were mated,
and primary MEFs from plugged females were isolated on
day 13.5 of pregnancy, generally as previously described
(35,36) (see also 17). MEFs were genotyped using dis-
sected head tissue as previously described (16). Primary
Mtor™" and Mtor** MEFs were then immortalized
spontaneously by serial passaging as previously described
(17). Immortalized MEFs at ~80-90% confluency were
serum deprived (20 h), pretreated without or with Torinl
(100 nmol/L) (30 min), and stimulated without or with
insulin (100 nmol/L, no. 12585; Invitrogen) (5 or 30 min)
or LPS (1 pg/mL, no. tlrl-3pelps; InvivoGen) (5-120 min).
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Quantification and Statistical Analysis

Bar graphs and box and whisker plots were generated
with GraphPad Prism 9. Line graphs were generated with
Microsoft Excel. Line and bar graphs represent means +
SEM; box-and-whisker plots represent mean (the + sym-
bol indicates the mean value), median, and quartiles. Sta-
tistical analyses were performed with Excel or GraphPad
Prism 9. Statistical significance between two mean values
was tested with two-tailed unpaired Student ¢ test with an
assumption of equal variances. Statistical significance of blood
glucose over time in wild-type versus Mtor** mice was tested
with use of mixed-effects analysis of multiple comparisons
followed by Bonferroni post hoc tests. This model was used
rather than two-way ANOVA with repetition to better handle
missing data points (i.e., a limited number of mice lacked a bi-
weekly blood glucose measurement). Statistical significance of
plasma insulin levels and insulin tolerance (ITTs) over time in
wild-type versus Mtor™” mice was tested with two-factor
ANOVA with repetition followed by Bonferroni post hoc
tests. Asterisks are used to indicate statistical significance:
*P < 0.05; **P < 0.01; ***P < 0.001. Western blot im-
ages were prepared for publication with Adobe Photoshop.
Only the parameters levels, brightness, and contrast were
used to fine-tune exposure time and band sharpness. Im-
portantly, these parameters were adjusted equivalently across
the entire blot, and the final image shown reflects the raw
image. In certain panels, thin dotted lines indicate excision of
an irrelevant lane(s) from a Western blot. Western blot
signals were quantitated with Fiji (ImageJ) to measure
integrated densities of protein bands. The ratios of phos-
phorylated proteins over cognate total protein were calcu-
lated and normalized as indicated in the figure legends.

Data and Resource Availability

All data generated or analyzed during this study are
included in the published article and Supplementary
Material. Resources generated in the current study are
available from the corresponding author on reasonable
request.

RESULTS

Primary Macrophages and Tissues From Mtor”’A Mice
Display Reduced mTORC1 and mTORC2 Signaling in
Response to Innate Immune Agonists

As demonstrated in our prior work (16,17), we confirmed
that TBK1-mediated mTOR S2159 phosphorylation pro-
motes mTORC1 and mTORC?2 signaling in primary macro-
phages. BMDMs from Mtor®” mice displayed reduced
mTORC1 (S6K1 P-T389) and mTORC2 (Akt P-S473) sig-
naling in response to poly(l:C), a viral dsSRNA mimetic that
activates TLR3 (Fig. 14). Importantly, poly(I:C) activated
TBK1 similarly in Mtor™’t and Mtor®” BMDMs, as moni-
tored through phosphorylation of TBK1 on its essential
activation loop site (S172) (Fig. 14), and BMDMs from
Mtor®* mice lacked mTOR $2159 phosphorylation (Fig. 1B).
As expected, the mTOR inhibitor Torinl suppressed
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Figure 1—Primary macrophages and tissues from Mtor* mice display reduced mTORC1 and mTORC2 signaling in response to innate

immune agonists. A: Reduced mTORC1/2 signaling in BMDMs from Mtor* mice in response to poly(l:C). BMDMs from Mtor*’* and
Mtor** mice were pretreated in culture with the mTOR inhibitor Torin1 (100 nmol/L, 30 min) and stimulated without (=) or with (+) poly(I:C)
(30 pg/mL, 30 min). Whole cell lysates were immunoblotted (IB) as indicated. B: mTOR P-S2159 in untreated BMDMs from Mtor™* mice.
mTOR was immunoprecipitated (IP) in duplicate from Mtor*’* and Mtor”* BMDM lysates and immunoblotted as indicated. C: Reduced
mTORC1/2 signaling in WAT from lean Mtor*A mice in response to poly(:C) in vivo. Mtor™* and Mtor** mice (8-14 weeks old) were in-
jected with saline or poly(l:C) (10 mg/kg body wt, 2 h) in duplicate following a 5-h fast. Tissue lysates were immunoblotted as indicated
(four mice per genotype). Each lane represents an individual mouse. D: mTOR P-S2159 in vivo in lean Mtor*’* mice in response to
poly(l:C). Lean mice (C57BL/6) (8 weeks old) were injected intraperitoneally with PBS or poly(l:C) (10 mg/kg body wt) (2 h) in triplicate.
mTOR was immunoprecipitated from spleen tissue lysates, and IPs and whole cell lysates (WCL) were immunoblotted as indicated. Each

lane represents an individual mouse. hr, hours.

activation of mTORC1 and mTORC?2 signaling by poly(I:C)
in wild-type BMDMs (Fig. 1A). These data confirm that
TLR3-mediated activation of mTORC1 and mTORC2 sig-
naling in BMDMs requires mTOR S2159 phosphorylation
and activity.

We next administered poly(I:C) to mice by intraperitoneal
injection. In iWAT (subcutaneous fat) and gWAT (visceral
fat), poly(I:C) increased mTORC1 and mTORC? signaling in
Mtor 7/ but not Mtor™” tissue (Fig. 1C), consistent with
our prior results in spleen tissue (17). While the mTOR
P-52159 signal was too weak to assess reliably in adipose tis-
sues, we confirmed that poly(I:C) increases mTOR P-52159
in spleen tissue from wild-type mice (Fig. 1D). Activation of
TLR4 with LPS administration in vivo also increased mTOR
P-S2159 in spleen tissue from wild-type mice (Supple-
mentary Fig. 14) and increased mTORC1 and mTORC2 sig-
naling in spleen tissue from wild-type but not Mtor®*
mice (Supplementary Fig. 1B). These results indicate that
activation of TLR3 or TLR4 in vivo increases mTOR
P-52159 and promotes mTORC1/2 signaling in a manner
dependent on mTOR P-S2159.

Unaltered Systemic Insulin Sensitivity and
Insulin-Responsive mTORC1/2 Signaling in

Lean Mtor#"4 Mice

We next measured several metabolic parameters longitu-
dinally in lean Mtor™" and Mtor* mice fed an NCD.
Weekly body weight and biweekly ad libitum feeding blood
glucose levels did not differ between the two genotypes (Fig.
2A and B). Systemic insulin sensitivity and glucose tolerance
were similar in Mtor™’" and Mtor** mice, as measured by
ITT (Fig. 2C) and GTT tests (Fig. 2D). We next analyzed
mTORC1 and mTORC2 signaling in response to insulin
in several target tissues. Intraperitoneal insulin injection
(30 min) activated mTORC1 (S6K1 P-T389) and mTORC2
(Akt P-S473) signaling similarly in adipose tissues ((WAT
and gWAT), liver, and skeletal muscle (soleus) from Mtor™'*
and Mtor® mice (Fig. 2E). Together, these results demon-
strate that mTOR P-S2159 is dispensable in lean mice for
whole-body energy balance, glycemic control, insulin sensi-
tivity, and mTORC1/2 signaling. Consistent with the in vivo
results above, insulin-stimulated activation of mTORC1/2
signaling was intact in primary MEFs isolated from Mtor®*


https://doi.org/10.2337/figshare.20496951
https://doi.org/10.2337/figshare.20496951
https://doi.org/10.2337/figshare.20496951
https://diabetesjournals.org/diabetes

2302 TBK1-mTOR Boosts Insulin Action in Obesity Diabetes Volume 71, November 2022

>
vy
(@)

Blood glucose: NCD

30 ‘Body weight: NCD 200 ~ (ad libitum fed) —
= 180 - o 120 1 ITT: NCD
= 25 8 160 - n
)] <) e S T = = < 100 +
= 20 | £ 140 - s
< o 120 - o 801
© 15 g 100 4 8 60 {
s S g0 - 5
=} ey
5 10 1 S 60 A S 40 A
[e] il °
@ 5 { W Mtort* g 404 m Mtor S 20 | m Mior
B MtorA 2 28 1 ®m MtorA o, | ® Mo
o : : ‘ . —
4 5 6 7 8 9 10 11 12 13 4 6 8 10 12 0 15 30 45 60 75 90 105120
Age (wk) Age (wk) Time postinsulin (min)
D F G
— 450 - Mtor* Mtor"A Mtor+ MtoriA
" L N | r 1T
T 400 - GTT: NCD T+LPS o T o T
> 350 | INS, - 530 - 5305 LPS, - 5 15 30 60N> 60 - 5 15 30 60 XV 60
2300_ min 1 2 3 4 56 7 mn 1 2 3 4 5 6 7 8 910 11 12 13 14
& 250 | T | IB: P-S6K1- - P . g —— — ITB: P-S6K1
& 500 | | T389 W T389
S 50 | ‘---1---1-" IB: S6K1 "---""---.----\ IB: S6K1
> f ::
100 4 [ B P-AY: P A ST —— IB: P-Akt-
8 50| u Mﬁorf;ﬁ; % 473 473
R R SRS —— e — YY"
0 15 30 45 60 75 90 105120 - — 1B: P-TBKA-
Time postglucose (min) L ‘ L8172
W ————— | |B: TBK1
E ] mTORC1 & mTORC2 signaling: NCD |
gWAT Skeletal muscle
, Mtor* _  Mtor™ Mior* Mtor"A Mtor* _  Mtor¥ __ Mtor* Mtor**
INS, - - -+ + 4+ - - -+ 4+ B T i S e i N s -+ - 4+
30min 1234567 89101112 1234567891112 1234567891012 1234 . ..
PR —— e —— ‘ P - - e ‘ 49 .y g EEE— ‘ -itl T3'89
| | — ——— | |B: S6K
\ | p—— —m— — . —— - - BPA
| e m——————— \-.... _____ = —— B: Akt

A/A +

Figure 2—Unaltered systemic insulin sensitivity and insulin-responsive mTORC1/2 signaling in lean Mtor mice. Mtor */* and
Mtor”** male mice were fed an NCD for 16 weeks. The following metabolic parameters were measured. A: Weekly body weight.
n =12 Mtor ™'+, 14 Mtor**. B: Bi-weekly blood glucose. n= 12 Mtor ™", 14 Mtor**. C: Systemic insulin sensitivity was measured by
ITT at 15 weeks of age. Blood glucose was measured before and after injection of insulin (1.0 units/kg body wt i.p.). n = 10 Mtor A
12 Mtor™A. D: Systemic glucose tolerance was measured by GTT at 14 weeks of age. Blood glucose was measured before and after
injection of glucose (2 g/kg body wt i.p.). n = 10 Mtor */*, 12 Mtor*/A. E: Intact insulin-responsive mTORC1/2 signaling in tissues
from Mtor*/A mice. Mtor /" and Mtor*’4 mice were injected without (—) or with (+) insulin (1.0 units/kg body wt, 30 min.) following a
5-h fast. iIWAT, gWAT, liver, and skeletal muscle lysates were immunoblotted as indicated. Each lane represents an individual mouse.
F: Intact insulin-responsive mTORC1/2 signaling in primary MEFs from Mtor™A mice. Primary MEFs were serum starved (20 h), pre-
treated with the mTOR inhibitor Torin1 (100 nmol/L, 30 min), and stimulated without (=) or with (+) insulin (100 nmol/L), as indicated.
Whole cell lysates were immunoblotted as indicated. In lane 7 (positive control for TBK1 activation), MEFs were serum starved over-
night in the presence of LPS (1 ng/mL), treated with Torin1 as described above, and stimulated with insulin for 5 min. G: Impaired
LPS-responsive mTORC1/2 signaling in primary MEFs from Mtor“* mice. Primary MEFs were serum starved (20 h), pretreated with
the mTOR inhibitor Torin1 (100 nmol/L) (30 min), and stimulated without (—) or with (+) LPS (1 pg/mL) for the times indicated. gr,
grams; IB, immunoblot; wk, weeks.

mice (Fig. 2F). These primary Mtor®” MEFs displayed im-  immortalization, insulin-stimulated activation of mTORC1/2
paired LPS stimulated mTORC1/2 signaling (Fig. 2G), how- was impaired in immortalized Mtor®* MEFs relative to
ever, thus confirming inactivation of the TBK1-mTOR axis wild-type MEFs (Supplementary Fig. 2B and C). As in pri-
in response to an innate immune agonist. Consistent with mary MEFs (Fig. 2F and Supplementary Fig. 24), insulin
our prior work studying regulation of TBK1-mTOR signaling  did not increase TBK1 P-S172 in immortalized MEFs
in response to growth factors (e.g., EGF) in immortalized (Supplementary Fig. 2B). Taken together, these findings
MEFs (17), LPS but not insulin increased TBK1 P-S172 in  suggest that the immortalization process imposes a chal-
primary MEFs (Fig. 2F and Supplementary Fig. 2A4). Curi- lenge that renders activation of mTORC1/2 signaling by
ously, after subjecting the primary MEFs to spontaneous insulin more dependent on TBK1 action.
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Elevated Hyperglycemia, Systemic Insulin Resistance,
and Hyperinsulinemia in DIO Mtor“’4 Mice With No
Change in Body Weight

As obesity imposes a pathological challenge that increases
systemic insulin resistance and impairs glycemic control
(32), we next measured metabolic parameters in DIO
Mtor™’* and Mtor** mice. We thus placed male (and fe-
male) mice on an HFD starting at 4 weeks of age and
studied them longitudinally. Over the course of 20 weeks
of HFD feeding, male Mtor*’* and Mtor** mice gained
similar amounts of weight (Fig. 3A4), but ad libitum-fed
Mtor™** mice developed hyperglycemia after 8 weeks of
HEFD feeding (12 weeks old) (Fig. 3B). Blood glucose levels
were similar after an overnight fast (20 h) (Fig. 3C). Be-
ginning at 14 weeks of HFD feeding, DIO Mtor®* mice
developed hyperinsulinemia (Fig. 3D). At 19 weeks of
HED feeding (23 weeks old), Mtor** mice displayed sig-
nificantly elevated systemic insulin resistance compared
with wild-type controls (Figs. 3E and F). Increased insulin
resistance in DIO Mtor®* mice is in agreement with their
hyperinsulinemia, as it is common for the (3-cells of the pan-
creas to compensate for insulin resistance by secreting more
insulin. Glucose tolerance was largely similar in Mtor™’*
and Mtor®® mice, however (18 weeks of HFD feeding;
22 weeks old) (Fig. 3G and H), possibly due to elevated
plasma insulin levels in fasted Mtor** mice, an idea consis-
tent with the hyperinsulinemia measured in ad libitum-fed
Mtor** mice (see Fig. 3D). The similar body weight of male
Mtor*’* and Mtor*” mice suggests that the increased insu-
lin resistance of Mtor** mice results from defects in insulin
action and not from differences in energy balance. Insulin
resistance in DIO but not lean male mice suggests that obe-
sogenic challenge renders mTOR more dependent on TBK1
action. Curiously, the insulin-resistant phenotype was re-
stricted to male DIO Mtor™* mice, however, as systemic in-
sulin sensitivity was similar in female DIO Mtor"’* and
Mtor™? mice (Fig. 3I). Note that while body weight and
fasted (5 h) blood glucose are similar in male DIO Mtort’*
and Mtor™* mice, these parameters trended slightly lower
in female DIO Mtor®* mice relative to Mtor™’" mice
(Supplementary Fig. 3A-D). This observation may explain
in part the reduced susceptibility of female Mtor** mice
to obesity-linked insulin resistance.

Unaltered Body Composition but Reduced gWAT Mass
and De Novo Lipogenic Gene Expression in DIO
Mtor?’2 Mice

As insulin resistance correlates with the degree of obesity
(32), we examined body composition. We found similar
overall adiposity and lean mass in male DIO Mtor /" and
Mtor™* mice (Fig. 4A). gWAT size and mass were reduced
in DIO Mtor® mice (Fig. 4B and C), however, similar to
adipocyte-specific knockout of Thkl or Raptor (mTORC1
deficiency) in DIO mice (5,24). H-E staining of gWAT did
not reveal gross differences in adipocyte size or adipose
tissue organization in DIO Mtor®? mice (Fig. 4D). Thus,
the increased insulin resistance in DIO Mtor®* mice

Bodur and Associates 2303

cannot be explained by increased adiposity. As Rictor
knockout (mTORC2 deficiency) from adipocytes or hepato-
cytes was shown to reduce expression of Chrebp (a master
transcriptional regulator of postprandial de novo lipogenesis
[DNL]) and its downstream targets (e.g., Acl, Acc, Fasn)
(27,28), we next analyzed expression of these genes in white
adipose tissue (WAT) by qPCR. In ad libitum—fed mice, ex-
pression of Acl was reduced in Mtor* mice relative to wild-
type controls (Fig. 4E). Collectively, these findings suggest
that TBK1-mTORC2 signaling may contribute to lipogenic
gene expression in adipocytes.

Disrupted Insulin-Responsive mTORC1 and mTORC2
Signaling in Metabolic Tissues From DIO Mtor”’A Mice
We next examined insulin signaling in vivo in several tis-
sues from DIO Mtor™/* and Mtor** mice. In response to
intraperitoneal insulin injection, activation of mTORC1
(S6K1 P-T389) and mTORC2 (Akt P-S473) signaling was
impaired in iWAT, gWAT, liver, and skeletal muscle (soleus)
from male Mtor®” mice relative to tissues from Mtor*/*
mice (Fig. 5A-D). Consistently, results from a study from
another group showed that adipocyte-specific knockout of
Tbk1 reduced insulin-stimulated Akt S473 phosphorylation
in adipose tissue in DIO mice (5). The insulin signaling defi-
ciency in DIO Mtor® mice aligns well with their systemic
insulin resistance and hyperglycemia. As in MEFs, insulin
did not increase TBK1 P-S172 in iWAT or gWAT (Fig. 5A
and B). Consistent with preserved insulin sensitivity (see
Fig. 3I), insulin-stimulated mTORC1 or mTORC2 signaling
remained intact in gWAT from DIO female Mtor®* mice
(Fig. 5E).

Reduced Hepatic Lipid Deposition in DIO Mtor”2 Mice
As hepatocyte-specific knockout of Rictor (mTORC2 defi-
cient) decreases liver mass and lipid deposition while it
increases hepatic gluconeogenic gene expression (27), we
next measured these parameters in liver tissue from DIO
Mtor™" and Mtor*”* mice. While liver mass was un-
changed (Fig. 64), lipid deposition was reduced in Mtor®4
liver, as measured with oil red O staining (Fig. 6B and C).
Consistently, whole-body Thk1“* mice also showed de-
creased lipid deposition in the liver (6). Liver tissue from
fasted Mtor™ mice displayed trending increases in expres-
sion of gluconeogenic genes (i.e., G6Pase, Pepck, and Fbpl)
(Fig. 6D), which may contribute to elevated hyperglycemia
in Mtor®* mice (Fig. 3B). Expression of DNL genes (e.g.,
Acl, Acc, Fasn) also trended lower in liver from ad libi-
tum—fed Mtor** mice (Supplementary Fig. 4). These data
indicate that TBK1-mTOR signaling promotes hepatic lipid
deposition and suggest that it may suppress hepatic gluco-
neogenesis, like mTORC2 function in the liver (6,27).

Increased Proinflammatory and Decreased
Anti-inflammatory Gene Expression With Impaired
Macrophage M2 Polarization in DIO Mtor“’A Mice
During the development of obesity, macrophages infiltrate
metabolic tissues and undergo a phenotypic switch from
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Figure 3—Elevated hyperglycemia, systemic insulin resistance, and hyperinsulinemia in DIO Mtor*4 mice with no change in energy bal-
ance. Mtor*’* and Mtor*4 male mice (A-H) and female mice (/) were fed an HFD for 20 weeks beginning at 4 weeks of age. The following
metabolic parameters were measured. A: Unaltered body weight in DIO Mtor* mice. n = 19 Mtor™'*, 28 Mtor**. B: Elevated blood glu-
cose in DIO Mtor”A mice. Biweekly blood glucose in ad libitum—fed mice. n = 19 Mtor */*, 28 Mtor*A. ***P < 0.001 by mixed-effects
analysis with multiple comparisons followed by Bonferroni post hoc tests. C: Unaltered blood glucose in DIO Mtor”* mice following a
20-h fast. n = 17 Mtor*’*, 18 Mtor™. D: Elevated plasma insulin levels in ad libitum-fed DIO Mtor®A mice. Graph represents mean +
SEM and individual data points. n = 8-13 Mtor™’*, 8-15 Mtor*/A. **P < 0.01 by two-factor ANOVA with repetition followed by Bonferroni
post hoc tests. E and F: Reduced insulin sensitivity by ITT and area under the curve (AUC) analysis in Mtor*4 mice after
19 weeks on HFD. n = 22 Mtor*'*, 20 Mtor*/A. For D, ***P < 0.001 by two-factor ANOVA with repetition followed by Bonferroni post hoc
tests. For F, **P < 0.01 by two-tailed unpaired t test. G and H: Unaltered glucose tolerance by GTT and area under the curve analysis after
18 weeks on HFD. n = 17 Mtor*’*, 18 Mtor™A. |: Unaltered insulin sensitivity in female mice by ITT. n = 7 Mtor™’* and Mtor*A. Line
graphs represent mean + SEM; box-and-whisker plots represent mean (+), median, and quartiles. Statistical significance: *P < 0.05,
**P < 0.01, ***P < 0.001. gr, grams; hr, hours; wk, weeks.
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alternately activated, more anti-inflammatory M2 states to
classically activated, more proinflammatory M1 states (37-
39). These events contribute to a state of chronic, low-grade
inflammation that correlates with insulin resistance. In
mice, myeloid-specific knockout of Tbkl increased proin-
flammatory responses (8), while adipocyte-specific knockout
of Thkl or Raptor (mTORC1 deficiency), and treatment
with rapamycin (an mTORC1-specific inhibitor), increased
expression of proinflammatory genes in WAT (5,25,26). We
therefore investigated a potential role for TBK1-mTOR sig-
naling in control of these macrophage-related processes.
WAT from DIO Mtor®* mice did not show an increase in
macrophage infiltration, as mRNA expression and immuno-
histochemical staining of F4/80, a macrophage marker,
were similar in DIO Mtor™’t and Mtor®” mice (Figs. 7A
and B). Moreover, mRNA expression of the chemokine
genes Ccl2 (MCP1) and Cc5 was unchanged (Fig. 7A). Ex-
pression of some proinflammatory genes (Cdllc, IL-6)
trended upward in WAT from DIO Mtor®* mice (Fig. 70).
Consistent with our prior work in which amlexanox or rapa-
mycin reduced IFNf3 mRNA and protein levels in response
to poly(I:C) in BMDMs (16), expression of IFNB trended
lower in gWAT from DIO Mtor® mice (Fig. 7D). In addi-
tion, expression of several anti-inflammatory genes (Argl,
Mgl1 [aka, Clec10a], Mgl2, II-10, Fizz1) trended lower in
gWAT from DIO Mtor* mice (Fig. 7E).

BMDMs lacking mTORC?2 function due to Rictor knockout
undergo a phenotypic switch from anti-inflammatory M2 to
proinflammatory M1 polarization in a cell-autonomous man-
ner, expressing reduced levels of M2 markers and higher

levels of proinflammatory genes (40,41). To evaluate how
Mtor S2159A knock-in affects macrophage polarization,
we isolated BMDMs from Mtor™’* and Mtor®* mice and
treated them in culture with IL-4 to induce M2 polarization.
As expected, IL-4 increased expression of the M2 marker
genes Argl, Mgll, Mgl2, Ym1, and Fizz1 in wild-type BMDMs
(Fig. 7F-J). Induction of Argl, Mgll, and Mgl2 by IL-4 was
significantly reduced in Mtor*”* BMDMs, with Yml and
Fizz1 expression trending lower. Note that the reduction of
these M2 markers in cultured BMDMs from Mtor®* mice
mirrors their reduction in gWAT in vivo (Fig. 7E). In the ab-
sence of IL-4, basal expression of the anti-inflammatory
gene II-10 was reduced, while basal expression of the proin-
flammatory genes Cd11c and Tnfo was increased, in BMDMs
from Mtor®? mice, with I1-6 trending upward (Fig. 7] and
K). Collectively, these findings suggest that TBK1-mTOR sig-
naling promotes macrophage polarization toward M2 and
away from M1 states in a cell-autonomous manner.

Elevated TBK1 Activity and mTOR P-S2159 in DIO
Mice Relative to Lean Mice

We next sought to understand why reduced TBK1-mTOR sig-
naling increases systemic insulin resistance in the obese but
not lean state. We postulated that obesity-associated signals
boost TBK1 activity, which phosphorylates mTOR to augment
mTORC1/2 signaling. Indeed, we found that WAT depots
from wild-type male mice fed an HFD displayed elevated
TBK1 P-S172 relative to lean mice fed an NCD (Fig. 84), indi-
cating elevated TBK1 catalytic activity. When mice were ad-
ministered insulin intraperitoneally, however, insulin did not
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Figure 5—Disrupted insulin responsive mTORC1 and mTORC2 signaling in metabolic tissues from DIO Mtor mice. Mtor*’* and Mtor*4
male mice (A-D) or female mice (E) were fed an HFD for 20 weeks beginning at 4 weeks of age. Mice were injected without (—) or with (+) insulin
(1.3 units/kg body wt i.p., 30 min) following a 5-h fast. Homogenized iWAT (A), gWAT (B and E), liver (C), and skeletal (Sk) muscle (D) lysates
were immunoblotted as indicated. MTORC1 and mTORC?2 signaling was quantitated and plotted. Graphs represent mean + SEM and individual
data points from three independent experiments. Total number of male mice per condition per genotype was n = 6-7 (saline) and n = 12-13
(insulin). *P < 0.05, **P < 0.01, ***P < 0.001 relative to DIO Mtor™’* mice injected with insulin (two-tailed unpaired t test). IB, immunoblot.
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SEM and individual data points. Box-and-whisker plots represent mean (+), median, and quartiles. gr, grams; hr, hours.

increase P-TBK1 (Fig. 84), similar to MEFs (Fig. 2F and Sup-
plementary Fig. 1A and B). Consistent with prior work that
HFD feeding increases mRNA expression of IKKe in WAT
and liver (42), we found that HFD feeding increased IKKe
protein levels in WAT. Consistent with more modest effects
of HFD feeding on Thkl gene expression (5), TBK1 protein
levels increased marginally if at all with HFD feeding (Fig.
8A). We next asked whether the elevated TBK1 activity in tis-
sue from DIO mice correlates with increased mTOR P-52159.
While we attempted to measure mTOR P-S2159 in mTOR
immunoprecipitates from WAT, the signal was too weak to
assess reliably. As an alternative approach, we immunopre-
cipitated mTOR from spleen and liver tissues, finding ele-
vated mTOR P-S2159 in these tissues from DIO mice
relative to lean mice (Figs. 8B and (). As expected, mTOR
P-$2159 signal was undetectable in Mtor™* tissues (Figs.
8B and (). Taken together, these results support a model
whereby obesity-associated signals increase TBK1 activity
and mTOR P-52159, which boost mTORC1/2 signaling (in
metabolic cells, macrophages, or both) in parallel to the in-
sulin pathway, thereby attenuating insulin resistance and
improving glycemic control during diet-induced obesity
(Fig. 8D).

DISCUSSION

With the rising incidence of obesity worldwide it is important
to better define the mechanisms underlying obesity-linked
metabolic comorbidities incdluding insulin resistance, chronic
inflammation, and type 2 diabetes (32,38,43,44). By studying
DIO Mtor** mice, we demonstrate that TBK1-mTOR signal-
ing attenuates insulin resistance to improve glycemic control

in DIO mice. These findings suggest that boosting TBK1-
mTOR signaling may ameliorate insulin resistance in people
with obesity, presenting a potential opportunity for therapeu-
tic intervention. We speculate further that a reduced level of
TBK1-responsive mTOR signaling in a subset of obese indi-
viduals may render them more prone to development of
type 2 diabetes than others.

Our prior work in intact cells supports the idea that
TBK1 represents a major mTOR S2159 kinase (16,17).
We cannot exclude the possibility, however, that IKKe or
other kinase(s) phosphorylates mTOR S2159 to control
glucose metabolism in vivo. It also remains possible that
TBK1 phosphorylates other sites on mTOR (or on mTOR
partner proteins). As adipocyte-specific knockout of Thk1
reduced insulin-stimulated Akt S473 phosphorylation in
WAT in vivo (5), this finding supports the idea that TBK1
promotes mTOR signaling as part of mTORC2 in vivo.
While our global Mtor S2159A knock-in model cannot as-
sign definitively specific metabolic roles for TBK1 signal-
ing to mTORC1 versus mTORC2, it offers a distinct
advantage: it reduces rather than ablates mTOR function
by removing a distinct regulatory input. This precise mo-
lecular manipulation decreases the possibility that com-
pensatory rewiring alters phenotypes, a potential pitfall of
chronic knockout models. In addition, the mTOR S2159A
mutation removes a distinct TBK1 effector function (regu-
lation of mTOR) rather than all TBK1 functions. Thus, our
model manipulates TBK1 and mTOR signaling in a more
subtle and likely more physiologically relevant way.

Based on shared phenotypes between Mtor S2159A knock-
in mice and those with tissue-specific knockout of Thk1,
Mtor, Raptor, or Rictor (5,24,25,27,28,33), we propose that
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Figure 7—Increased proinflammatory and decreased anti-inflammatory gene expression and impaired macrophage M2 polarization in
DIO Mtor*A mice. Mtor™* and Mtor*/A male mice were fed an HFD for 20 weeks. A and C-E: Total RNA was extracted from flash-frozen
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TBK1 signals through both mTORC1 and mTORC2 in
adipocytes and hepatocytes to protect against obesity-
linked metabolic disease (Fig. 8E). Considering the
published literature, we propose more specifically that
TBK1-mTORC1 signaling in adipocytes may promote
adipocyte differentiation and the healthy expansion of
WAT as obesity progresses (15,24,45), while it may
attenuate adipose tissue inflammation (5,7,25) (Fig. 8E).
TBK1-mTORC2 signaling in adipocytes may promote de
novo lipogenic gene expression and glucose uptake in
response to insulin (28,46). TBK1-mTORC2 signaling in
hepatocytes may suppress hepatic gluconeogenic gene ex-
pression and glucose production and may promote lipid
storage (27). Note that in contrast to Mtor®? and
Thk1%® mice (6), however, hepatocyte-specific Thkl
knockout increased triglyceride deposition in the liver
(47). As Mtor S2159A reduces insulin-stimulated mTORC1
and mTORC2 signaling in skeletal muscle, this tissue may
also represent an important site for glycemic control by
TBK1-mTOR.

Nutrient overload during obesity hyperactivates mTORC1
and S6K1, which contributes to insulin resistance by mediat-
ing negative feedback on PI3K flux through inhibitory IRS-1
phosphorylation, thus attenuating insulin-PI3K signaling to
mTORC2, Akt, and other PI3K-responsive targets (48-53)
(Fig. 8E). Thus, decreased mTORC1 signaling during obesity
is predicted to improve insulin sensitivity. Indeed, adipo-
cyte-specific knockout of S6K1, an mTORC1 target, im-
proved insulin sensitivity in DIO mice (although this effect
may result largely or in part from resistance to diet-
induced obesity) (48); in addition, pharmacological inhibition
of S6K1 improved insulin sensitivity in DIO mice (52). Re-
duced TBK1-mTOR signaling in our Mtor®* mice would
thus be expected to increase systemic insulin sensitivity.
Yet, we found the opposite phenotype increased, not de-
creased, insulin resistance in DIO Mtor®® mice. The solu-
tion to this apparent paradox lies in the ability of TBK1 to
boost mTORC2 signaling in parallel to the insulin/PI3K
pathway (Fig. 8E). While reduced TBK1-mTORC1 signaling

might increase insulin sensitivity in our Mtor™ mice, a
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concomitant reduction in TBK1-mTORC2 signaling likely
negates this benefit. Reduced TBK1-mTORC1 signaling, how-
ever, also reduces gWAT mass and anti-inflammatory gene
expression in adipose tissue and macrophages, which may
contribute to the net effect of exacerbated insulin resis-
tance. It is important to note that chronic treatment of
mice with rapamycin, an allosteric inhibitor that acutely in-
hibits mTORC], increases insulin resistance—rather than
reducing it—by suppressing mTORC2 assembly and activ-
ity (54,55). Thus, Mtor S2159A knock-in phenocopies
chronic rapamycin-induced insulin resistance.

Whether TBK1-mTOR signaling in macrophages improves
glycemic control during diet-induced obesity remains an im-
portant unresolved question. Recent work demonstrated
that myeloid-specific knockout of Tbk1 (using the LysM-Cre
driver) exacerbates systemic insulin resistance and inflam-
mation of adipose tissue in DIO mice (8), like our Mtor®
mice. In addition, activation of PI3K in macrophages by TLR
engagement, which activates both mTORC1 and mTORC2,
restricts proinflammatory responses (41,56). Moreover, re-
duced mTORC2 function in myeloid cells shifts macrophage
polarization away from an anti-inflammatory M2 state and
toward a proinflammatory M1 state, like Mtor S2159A
knock-in (40,41). Together, these findings support the idea
that TBK1-mTOR signaling in macrophages promotes anti-
inflammatory responses, which may improve insulin sensi-
tivity during diet-induced obesity. In contrast, however,
knockout of Raptor in myeloid cells decreased systemic in-
sulin resistance and adipose tissue inflammation, while
myeloid-specific knockout of Rictor had no effect on these
parameters (41,57). Additional work will be required to de-
termine whether a more subtle alteration of mTOR func-
tion in macrophages (i.e., elimination of the upstream
TBK1 input) affects insulin sensitivity and inflammatory
state during obesity.

Results of a recent study demonstrated that in response
to postprandial signals, adipose tissue macrophages secrete
IL-10, which circulates and cooperates with insulin to sup-
press hepatic gluconeogenic gene expression and glucose
production, the disruption of which impairs glycemic control
in DIO mice (58). In addition, treatment of BMDMs in cul-
ture with insulin and LPS increased expression of IL-10 in a
PI3BK/TSC/Akt-dependent manner (i.e., thus, via mTORC1),
and IL-10 cooperated with insulin in primary hepatocytes in
culture to suppress gluconeogenic gene expression and glu-
cose production (58). As Mtor S2159A knock-in reduces ex-
pression of Ifnf} and its target II-10 in WAT of DIO mice, we
suggest that TBK1-mTOR signaling in macrophages may im-
prove glycemic control during obesity by promoting expres-
sion and secretion of interferon-stimulated gene products
(e.g., IL-10) that attenuate inflammation and sensitize target
tissues to insulin action (Fig. 8D).

What explains the insulin-sensitizing effect of TBK1-
mTOR signaling in obese but not lean male mice? We spec-
ulate that obesity-associated signals increase TBK1 activity
and mTOR S$2159 phosphorylation in parallel to the
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insulin/PI3K pathway (Fig. 8D and E), as insulin failed to
increase TBK1 S172 phosphorylation in gWAT in vivo or
MEFs in culture. Such signals could derive from elevated
levels of damage-associated molecular patterns (e.g, RNA
from dead adipocytes, gut-derived LPS, saturated fatty acids)
(59-61) that activate TLR signaling, branched-chain amino
acids, or proinflammatory cytokines, all of which rise with
obesity (62). Indeed, we found elevated TBK1 (S172) and
mTOR (52159) phosphorylation in tissues from wild-type
DIO mice relative to lean mice. This observation agrees with
those of Reilly et al. (3) and Cruz et al. (6), who found upre-
gulated phosphorylation of TBK1 (S172) and its target IRF3
(S396), as well as upregulated TBK1 catalytic activity, in
WAT from DIO mice relative to lean mice. What explains the
sex-specific effect of Mtor S2159A knock-in on mTORC1/2
signaling and systemic insulin sensitivity during diet-induced
obesity? While we do not know currently, we speculate that
female DIO Mtor™* mice fail to display increased insulin re-
sistance and hyperglycemia, unlike male DIO Mtor®* mice,
due to beneficial effects of female sex hormones on adipose
tissue biology and metabolism (63). In future work, it will
be interesting to determine whether female Mtor®* mice
respond to HED and induction of obesity by upregulating
mTOR P-52159.

In conclusion, the findings of this study identify TBK1 as
an activator of mTOR in vivo and reveal that TBK1-mTOR
signaling mediates homeostatic responses that counter obe-
sity-linked insulin resistance. Importantly, we demonstrate
that site-specific mTOR phosphorylation controls mamma-
lian metabolism in vivo. Future work is needed to address
important unresolved questions including which obe-
sity-associated signals activate TBK1 posttranslationally
and whether TBK1-mTOR signaling in metabolic cells
(e.g., adipocytes, hepatocytes, skeletal myocytes), mac-
rophages, or both mediates protective metabolic effects
during diet-induced obesity. Whether IKKe contributes
to mTOR-mediated metabolic control in vivo also remains
unclear. Clinically, our findings suggest that boosting TBK1-
mTOR signaling in people with obesity may represent a
beneficial therapeutic strategy to improve glycemic con-
trol. Further molecular dissection of TBK1 and mTOR sig-
naling will be required for an understanding of how these
multifunctional kinases control diverse physiological pro-
cesses related to metabolism, innate immunity, and tumor-
igenesis and whether they do so together through the
TBK1-mTOR pathway.
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