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Three-prime repair exonuclease 1 knockout (Trex1~/~) mice suffer
from systemic inflammation caused largely by chronic activation of
the cyclic GMP-AMP synthase-stimulator of interferon genes-TANK-
binding kinase-interferon regulatory factor 3 (cGAS-STING-TBK1-
IRF3) signaling pathway. We showed previously that Trex7-deficient
cells have reduced mammalian target of rapamycin complex 1
(mTORC1) activity, although the underlying mechanism is unclear.
Here, we performed detailed metabolic analysis in Trex7™'~ mice
and cells that revealed both cellular and systemic metabolic defects,
including reduced mitochondrial respiration and increased glycolysis,
energy expenditure, and fat metabolism. We also genetically sepa-
rated the inflammatory and metabolic phenotypes by showing that
Sting deficiency rescued both inflammatory and metabolic pheno-
types, whereas Irf3 deficiency only rescued inflammation on the
Trex1~'~ background, and many metabolic defects persist in
Trex1~/~Irf3~'~ cells and mice. We also showed that Leptin deficiency
(ob/ob) increased lipogenesis and prolonged survival of Trex1~/~
mice without dampening inflammation. Mechanistically, we identi-
fied TBK1 as a key regulator of mTORC1 activity in Trex7~'~ cells.
Together, our data demonstrate that chronic innate immune activa-
tion of TBK1 suppresses mTORC1 activity, leading to dysregulated
cellular metabolism.
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ammals have evolved complex and integrated systems of
immunity and metabolism to maintain and defend internal and
environmental threats. Increasing numbers of immune regulators have
been found to play critical roles in metabolism. Studies from recent
years have established an integrated view on the shared architecture
between adaptive immunity and metabolism, including how they cor-
respond to stimulus in disease settings. However, cell-intrinsic innate
immune regulation of metabolic pathways remains poorly understood.
This is in part due to the fact that overwhelming systemic inflammation
in chronic diseases often masks direct underlying molecular causes.
We have previously characterized an autoimmune/autoinflammatory
disease mouse model, three-prime repair exonuclease 1 knockout
(TrexI™7) (1). TREXI, also known as DNase III, is an exonuclease
that localizes to the endoplasmic reticulum (ER) to prevent aberrant
accumulation of self-DNA or glycans that would trigger immune
activation (2, 3). Mutations of the TREX! gene have been associated
with several autoinflammatory and autoimmune diseases, including
Aicardi-Goutieres syndrome and systemic lupus erythematosus
(SLE) (4). TrexI”~ mice suffer from systemic inflammation caused
largely by chronic activation of the cytosolic DNA sensing pathway
through the cyclic GMP-AMP synthase-stimulator of interferon
genes-TANK-binding kinase—interferon regulatory factor 3 (cGAS-
STING-TBKI-IRF3) cascade (5-7). We showed previously that
TREX]1 also regulates lysosomal biogenesis through the mTORCI1-
TFEB pathway and that Trex]”~ mouse embryonic fibroblasts
(MEFs) exhibit drastically reduced mTORCI activity compared with
WT cells (1). The molecular mechanism leading to suppression of
mTORCI activity remains unknown.

746-751 | PNAS | January 24,2017 | vol. 114 | no.4

Here, we show that mTORCI activity is reduced in multiple
Trex]™~ mouse tissues and TREX] mutant human cells. We also
show that Trex]™~ mice exhibit many metabolic-dysregulation
phenotypes consistent with chronically reduced mTORCT activity,
including reduced cellular mitochondrial respiration and increased
in vivo energy expenditure and fat metabolism, leading to reduced
adiposity and survival. We genetically separated inflammation and
metabolic defects and demonstrate that metabolic dysregulation in
Trex]™~ mice is caused by innate immune activation of TBK1, but not
the downstream IRF3 signaling and inflammation, and that TBK1
binds to the mTORCI complex and inhibits its activity in TrexI ™~
cells. Our data thus establish TBK1-mTORCI as an important reg-
ulatory axis between cell-intrinsic immune signaling and metabolism.

Results

Reduced mTORC1 Activity and Cellular Metabolism in Trex1~'~ Cells
and Tissues. Recently, we showed that Trex! =/~ cells have reduced
mTORCI activity, but the underlying mechanism is unclear (1).
Trex]1 ™'~ mice also display reduced body size and weight that
resembles reduced mTORCI function as in S6K~'~ or Raptor
conditional knockout mice (8, 9) (Fig. 14). To extend our earlier
in vitro findings, we first evaluated the mTORCI activity in tis-
sues of Trex]™™ mice. We observed clear reduction in mTORC1
activity (measured by S6P and 4EBP phosphorylation) in the
liver, skeletal muscles, and kidney of Trex] ™~ mice (Fig. 1B and
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Patients with chronic autoimmune and autoinflammatory dis-
eases often also present metabolic phenotypes. The molecular
connection between inflammation and metabolism is incom-
pletely understood. We describe a mouse model, three-prime
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temic inflammation and metabolic dysregulation. We genetically
separated the inflammation and metabolic phenotypes and
biochemically identified TANK-binding kinase 1 (TBK1) as a key
regulator of mammalian target of rapamycin complex 1, a
master regulator of metabolism. Chronically activated TBK1 and
interferon signaling are associated with many autoimmune dis-
eases, including systemic lupus erythematosus. Our study pro-
vides a mechanism by which the innate immune signaling
pathways regulate cellular metabolism.
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Reduced mTORC1 activity and defective mitochondrial respiration in Trex7™ cells and tissues. (A) Representative images of WT and Trex?™~ mice at the

age of 6-8 wk. Body weight was measured at 8 wk (n = 10). (B) Immunoblot analysis of phosphorylated and total $S6P and 4E-BP1 in WT and Trex7™~ mouse

tissues. (C) Immunoblot analysis of phosphorylated and total mTOR and S6P in

healthy control (HC) and TREX1-D18N and TREX1-D200H mutant patient lym-

phoblasts. (D) Immunoblot analysis of phosphorylated and total S6P in Trex1~'~ MEFs reconstituted with GFP (control) or mouse TREX1. (E-G) Real-time changes in
the OCR and ECAR of WT or Trex1~~ BMDMs (E and F) or MEFs (G). OCR was assessed during subsequent sequential treatment with oligomycin (inhibitor of ATP
synthase), FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone), and rotenone (inhibitors of the electron-transport chain). ECAR was assessed during
sequential treatment with 25 mM glucose and 2-deoxyglucose (2-DG). (H) Schematic representation of metabolism of [U—13C]glucose for experiments in G. (/) Mass
isotopomer analysis of citrate, fumarate, and malate in cells cultured with [U-'*Clglucose and unlabeled glutamine. Data are presented as the means + SEM of
quadruplets of two to three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 (Student's t test).

Fig. S1 4 and B) _Interestingly, AKT phosphorylation is un-
changed in Trex]™~ tissues where mTORCI activity is clearly
reduced, indicating that mTORCI1 is regulated independent of
AKT in these tissues (Fig. S1B). We observed some reduction
of 4E-BP phosphorylation in Trex! ™'~ bone marrow-derived
dendritic cells (BMDCs), and in adipose tissue, we observed both
reduced mTORCI1 activity and AKT phosphorylation (Fig. S1 C
and D). We also measured mTORCI activity in TREX] mutant
human patient lymphoblasts. Both D18N and D200H mutations
disrupt TREX1 DNase activity and activate DNA-mediated in-
nate immune activation. We observed reduced mTORCI1 activity
in both TREX1 mutant human patient cells (Fig. 1C).

We next asked whether reexpressing TREX1 can restore
mTORCI activity in TrexI ™~ cells. We stably reconstituted Trex]™
MEFs with retroviral constructs expressing WT mouse TREX1,
which restored mTORCT activity (Fig. 1D), suggesting that lack of
TREXI1 protein or subsequent immune signaling pathways acti-
vated by Trex] deficiency are responsible for mTORCI suppression.

mTORCI is known to regulate mitochondrial function (10). To
explore whether the chronic suppression of mTORCI activity in
TrexI™~ cells is associated with defects in cellular metabolism, we
analyzed the oxygen consumption rate (OCR), which is an indicator
of mitochondrial respiration. Indeed, we observed drastically re-
duced mitochondrial respiration in Trex/”~ MEFs and bone mar-
row-derived macrophages (BMDMs) compared with WT cells (Fig.
1E). We also observed increased glycolysis in Trex]™~ cells
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measured by extracellular acidification rate  (ECAR) (Fig. 1F). The
mitochondrial-respiration defect in Trex]™~ MEFs was completely
restored by reexpressing WT TREXI1 (Fig. 1G). To confirm the
mitochondrial defect and pinpoint the specrﬁc step(s) of cellular
metabolism that might be affected by TrexI ™=, we performed *C
isotope tracing to determme the fate of glucose- derived carbon (11).
After culturing with [U-"Clglucose, the unlabeled fraction of cit-
rate (m+0) was significantly increased in TrexI™ cells compared
with WT, whereas the fraction of labeled citrate arising from *C
entry into and progression around the TCA cycle (m+2, m+4, and
m+5) was significantly decreased (Fig. 1 H and I). Together, these
data suggest that reduced mitochondrial respiration observed in
Trex] ™~ cells is likely caused by a defect in the delivery of glucose-
derived carbon to the mitochondria for oxidation.

Cellular Metabolic Defect Associated with Trex1 Deficiency Is Dependent
on STING but Independent of IRF3 and Inflammation. Trex1 ™'~
mice succumb to systemic inflammation early in age, largely
due to immune activation by self-DNA through the cGAS-
STING-TBKI1-IRF3 pathway (6, 7). Upon activation by DNA,
c¢GAS produces cyclic GMP-AMP (cGAMP) dinucleotide that
activates STING on the ER. STING then moves from the ER to
cytoplasmic vesicles through the secretory pathway, during which
time STING recruits protein kinase TBK1, which phosphorylates
itself, STING, and transcription factor IRF3, leading to activation
of IFN genes. Both Sting and Irf3 deficiency rescue inflammation
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Fig. 2. Cellular metabolic defect associated with Trex1~'~ is STING-dependent
but IRF3-independent. (A) Serum levels of indicated inflammatory cytokines in
WT, Trex1™~, Trex17~5ting9", and Trex1~-Irf3~'~ mice. (B) Survival curve of
Trex1™, Trex17-Sting9%", and Trex1~"~Irf3"~ mice. (C) Real-time changes in
the OCR of WT, Trex1™~, Trex1™~Sting?%%", and Trex1™~Irf3”~ BMDM:s. Data
are representative of at least two independent experiments.

and mortality of Trex] ™'~ mice (Fig. 2.4 and B and refs. 3 and 5). We
next examined cellular metabolic phenotypes of Trex]™~Sting®®'
and Trex]™~Irf37~ cells. Surprisingly, we found that Sting®®" fully
rescued the mitochondrial-respiration defect associated with
Trex]™'~, but Irf3~'~ did not (Fig. 2C). These data suggest that
mitochondrial-respiration defect persists in Trex] ™ Irf3/~
cells, despite complete shutoff of IFN signaling and inflammation.
Together, we conclude that mTORCI is regulated by a STING-
dependent, but IRF3-independent, mechanism in TrexI ™"~ mice.
Our data also indicate that inflammation and metabolic defect in
TrexI™'~ mice can be genetically separated by Irf37/~.

Chronically Activated TBK1 Inhibits mTORC1 Activity. We next in-
vestigated the STING-dependent but IRF3-independent regulation

of mMTORCI1 activity. One possibility is that STING recruits TBK1 to
phosphorylate IRF3 and that chronically activated TBK1 may directly
inhibit mMTORCI. A previous study found that TBK1 interacts with
mTORCT and inhibits its activity in prostate cancer cells (12). In the
case of DNA sensing, STING recruits TBK1 to form the “STING
signalsome” as soon as it exits the ER, and both proteins travel
through the secretory pathway, potentially reaching lysosomes where
mTORC1 is located (13). To test this possibility, we first knocked
down TBK1 in WT and TrexI ™~ cells using four independent siRNAs.
TBK1 knockdown in WT MEFs increased mTORCI activity mod-
estly above the already high steady-state level of mTORCI activity
(Fig. 34; siRNA sequences are in Table S1). TBK1 knockdown
in Trex]”~ MEFs clearly restored mTORC] activity to WT level
(Fig. 34). We next examined whether TBK1 binds mTORC1 in
Trex]™~ cells. We immunoprecipitated endogenous TBK1 from WT
and Trex]’”~ BMDMs and blotted for mTORCI cofactors and
substrates. Remarkably, we found that mTOR, Raptor, S6P, and
4EBP all coimmunoprecipitated with TBK1 only in Trex! ™'~ cells but
not in WT cells (Fig. 3B). We next validated TBK1:mTOR in-
teraction by overexpression of epitope tagged proteins and coim-
munoprecipitation in 293T cells (Fig. 3C). Together, these data
suggest that TBK1 inhibits mMTORCI1 activity through direct binding
to the mTORC1 complex and that interaction is enhanced in
Trex]™ cells. Together with our genetic evidence, these data sug-
gest that chronic activation of TBK1 promotes its interaction with
mTORCI, resulting in inhibited mMTORCTI activity in Trex] ™~ cells.

Trex1~'~ Mice Exhibit Systemic Metabolic Defect, Including Reduced
Adiposity and Increased Energy Expenditure. We next investigated
whether the cellular metabolic defect caused by TrexI 7~ is associated
with any in vivo systemic metabolic phenotypes. Because mitochon-
drial respiration (oxidative phosphorylation) was reduced in TrexI ™~
cells, it is possible that Trex] ™ mice use fat as an alternate source of
energy and become hypermetabolic in vivo. Increased lipolysis has
been reported in patients treated with an mTORC] inhibitor, rapa-
mycin, following organ transplantation (14). S6K~'~ or Raptor con-
ditional knockout mice also showed altered lipid metabolic profiles
(8, 9). Indeed, we observed significant reduction of body fat in
Trex]™'~ mice compared with age-matched WT controls (Fig.
44). To pinpoint exact location(s) where fat is reduced, we used
high-resolution micro-computed tomography (CT) scan and
found significant reduction of fat both in subcutaneous tissues
and visceral tissues, as well as brown fat (Fig. 4B).
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Fig. 4. Trex1™~ mice exhibit a hypermetabolic state with reduced adiposity and increased energy expenditure. (A) Percentage of total body fat in WT and

Trex1™~ mice (n = 10). (B) High-resolution micro-CT scan images of WT and Trex?

~/~ mice (front and back view of the same mouse, red indicates fat mass).

Representative images are shown on the left. Quantitation of whole-body, visceral, and subcutaneous fat volume is shown on the right (n = 6). (C) gRT-PCR
analysis of selected genes involved in lipid metabolic pathways. (D) Food and fluid intake in WT and Trex1™~ mice over a period of 5 d (n = 6). (E) Oxygen

consumption, CO, production, and energy expenditure in WT and Trex7™~ mice

(n = 6). (F) Body weights of WT or Trex1~~, Trex1™~Sting9"?", and Trex1~~Irf37~

mice on normal chow or HFD over a period of 4 wk (n = 9). Data are presented as the means + SEM *P < 0.05; **P < 0.01; ***P < 0.001 (Student's t test).

We next performed lipid analysis in serum and did not observe
any significant differences in nonesterified fatty acids (NEFAs),
triglycerides, or cholesterols (Fig. S2 A-C). We also did not ob-
serve any differences in fatty acid oxidation (Fig. S2D). We also
did not observe any difference in white adipose tissue (Fig, S2E).
We next isolated brown adipose tissue from WT and Trex] '~ mice
and measured the expression of several genes known to be in-
volved in fat metabolism. Genes involved in fat metabolic path-
ways (15), such as Agpat3, Scdl, and many others, were highly
up-regulated (5-80-fold) in TrexI ™~ brown adipose tissue compared
with WT (Fig. 4C), consistent with accelerated fat metabolism.

We also monitored bioenergetics profiles of WT and TrexI ™~
mice using metabolic cage. We observed increased food and
fluid intake (Fig. 4D), as well as significant increase in oxygen
consumption, carbon dioxide production, and heat production
in Trex]”~ mice (Fig. 4E). To further characterize the hyper-
metabolic phenotype and determine whether this in vivo pheno-
type also depends on STING or IRF3, we challenged WT, TrexI ™=,
TrexI™~Sting®"®', and TrexI™"Irf3~~ mice with a high-fat diet
(HFD) over a period of 4 wk (median survival of Trex] '~ mice is
around 8-10 wk). We found that Trex] = and TrexI™~Irf3~'~ mice
did not gain any additional we}'gght during the HFD challenge,
whereas WT and Trex] 7~ Sting®’s" mice gained significantly more
weight during the same period on HFD (Fig. 4F). These data
demonstrate that the in vivo hypermetabolic phenotype observed
in TrexI ™~ mice is also STING-dependent and IRF3-independent,
which implies that the reduced cellular mitochondrial respiration
and increased in vivo fat metabolism are likely associated, and
both could be caused by chronically suppressed mTORCI activity.

We next crossed TrexI ™'~ mice to Leptin-deficient (Ob/Ob) mice
to determine whether we can genetically rescue the hypermeta-
bolic phenotype of TrexI™~ mice by enhancing lipogenesis. Re-
markably, TrexI ~'~Ob/Ob mice restored body weight to that of WT
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and heterozygous littermate controls, all significantly lower com-
pared with littermate Ob/Ob mice (Fig. 5A4). Inflammatory cytokines
such as IL-6 and TNFo remain elevated in TrexI”~Ob/Ob mice
compared with WT mice, at levels similar to Trex/™~ mice, sug-
gesting that Ob/Ob did not dampen inflammation (Fig. 5B). This
observation further supports the notion that inflammation and
metabolism can be genetically separated. Trex] ”~Ob/Ob mice were
able to exceed WT in body weight after 3 mo of age, while still
weighing less than Ob/Ob mice (Fig. 5C). CT scans also showed less
body fat in Trex] ~'~Ob/Ob mice compared with TrexI**Ob/Ob mice
(Fig. 5D). More importantly, we observed significant increase in
survival of TrexI”~Ob/Ob mice compared with TrexI '~ alone (Fig.
SE). Although systemic inflammation is the predominant cause of
mortality in TrexI ™~ mice, our data showed that enhancing lipo-
genesis can prolong the survival of Trex]™~ mice without damp-
ening inflammation, suggesting that the hypermetabolic phenotype,
likely a consequence of reduced mTORCI activity, is an important
contributing factor to the overall morbidity of TrexI ™~ mice.

Trex1~'~ Mice Support Accelerated Growth of Implanted Breast Cancer
Cells. Persistent mTORCI inhibition by rapalogs (analogs of rapa-
mycin) has been reported to cause liver damage, inflammation, and
enhanced tumorigenesis (16). The reduced mitochondrial respira-
tion and increased glycolysis of TrexI ™~ cells also resembles the
Warburg effect (17), although spontaneous tumor has not been
observed in Trex] ™~ mice during their short lifespan. We next ex-
amined whether Trex]™~ mice could alter the growth rate of
implanted cancer cells. We implanted E0771 breast cancer cells
[derived from breast tumor in a C57BL/6 mouse (18)] in the
mammary pad of WT and Trex]™~ mice and followed the mice
over a period of 34 wk. Remarkably, Trex]™~ mice supported
two- to threefold increase in primary tumor size and more frequent
lung metastasis compared with age-matched WT mice (Fig. 6 4
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Fig. 5. Leptin deficiency (Ob/Ob) increases lipogenesis and survival of
Trex1~"~ mice without dampening inflammation. (A) Body weights of mice
of indicated genotypes on normal chow diet for 6 wk (n = 5-10). (B) Serum levels
of indicated inflammatory cytokines. (C) Body weights of mice of indicated
genotypes on normal chow diet for a period 17 wk (n = 5-10). (D) High-resolution
micro-CT scan images of WT and Trex7™~ mice on Ob/Ob background (front view
of two separate mice, red indicates fat mass). (E) Survival curve of mice of indi-
cated genotypes (n = 5-10). Data are presented as the means + SEM. *P < 0.05;
**P < 0.01; ***P < 0.001. (A and B, Student's t test; E, log-rank test.)

and B). To determine whether STING- or IRF3-mediated signaling
is also playing a role, we performed similar xenograft experi-
ments in TrexI ~~Sting®®" and TrexI~~Irf3~~ mice. We found that
TrexI™~I1f37"~ mice also supported increased tumor growth, whereas
TrexI™~Sting® mice are indistinguishable to WT mice in tumor
growth (Fig. 6C). These data provide yet another line of evidence for
an IRF3-independent STING-signaling branch in TrexI ™~ mice,
which could create a favorable microenvironment or immune status
that enhances tumorigenesis (for a model, see Fig. 7).

Discussion

We present here an autoimmune/autoinflammatory disease mouse
model, TrexI ™, with evidence of cellular and systemic metabolic
dysregulation and chronically suppressed mTORCI activity.
TREXI1 is best known for its DNase activity, which prevents
sensing of cytosolic self-DNA by the cGAS-STING pathway and
activation of the IFN response (6, 7). The striking resemblance of
TrexI™'~ mice’s lean appearance to the phenotypes of S6K- or
Raptor-deficient mice (8, 9), together with significantly reduced
mTORC1 activity in tissues, provided a strong clue that chronic
activation of immune pathways in Trex] ™'~ mice may play an im-
portant role in mMTORCI1 regulation and metabolism. We provide
evidence that inflammation and metabolic defects in TrexI ™/~
mice can be genetically separated. Both TrexI ™/~ Sting®”s" and
Trex]™"Irf3~"~ mice fully rescued mortality and inflammation
caused by TrexI™~. Importantly, Trex]™~Sting”®" also rescued the
cellular mitochondrial respiration and systemic hypermetabolic
phenotypes associated with Trex] ™, whereas TrexI ™~ Irf3~/~ failed to
rescue either metabolic phenotype. Complementing these findings
are the genetic crosses to Ob/Ob mice, where Trex! ~~Ob/Ob mice
increased lipogenesis and overall survival without dampening in-
flammation compared with Trex] ™~ mice.
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Fig. 6. Trex1™ mice support accelerated growth of implanted breast cancer
cells. (A) EO771 breast tumor growth in WT and Trex7™~ mice; 5 x 10° E0771
cells were injected into mammary pads of female WT and Trex?7™~ mice. Tu-
mor sizes were recorded weekly (n = 9). (B) Representative images of primary
and metastatic tumor at week 4 from WT or Trex7~'~ mice. (C) E0771 breast
tumor growth in WT and Trex1~~5ting?%9t and Trex1™~Irf3~'~ mice. E0771 cells
were injected as in A. Data are presented as the means + SEM. *P < 0.05; **P <
0.01; ***P < 0.001; ns, not significant (Student’s t test).

The key protein connecting STING and IRF3 is TBK1. TBK1 is
a member of the IkB kinase family and is ubiquitously expressed.
In addition to its role in innate immunity, TBK1 also plays an
important role in cell proliferation and cancer (19), and Tbk!
deficiency is embryonic-lethal. TBK1 has been shown to inhibit
mTORCI1 activity in prostate cancer cells (12, 20). T cell-specific
ablation of TBK1 also enhances mTORCI1 signaling in an exper-
imental autoimmune encephalomyelitis model (20). We recently
showed that pharmacological inhibition of TBK1 ameliorates
disease phenotypes in TrexI ™'~ mice (21). STING activation in-
volves trafficking from the ER to cytoplasmic vesicles through the
secretory pathway (13), during which time TBK1 is recruited and
travels with STING as part of the STING signalsome, which is
potentially targeted to lysosomes for degradation to prevent ex-
cessive IFN response (22) (see the model in Fig. 7). mTORC1
localizes to the lysosomes, and we showed that TrexI deficiency
enhances lysosome biogenesis through suppressing mTORC1 ac-
tivity (1). We now further show with biochemical evidence that

Trex1-/- mice
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Fig. 7. A model. Trex1™~ leads to chronic activation of the STING-TBK1-
IRF3 signaling pathway, leading to inflammation through IRF3 and mTORC1
inhibition by TBK1. Reduced mTORC1 activity causes metabolic dysregula-
tion, including reduced mitochondrial respiration and increased glycolysis
and fat metabolism.
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TBK1 is recruited to the mTORCI1 complex in Trex! = cells, and
TBK1 knockdown by siRNA alleviated mTORCI suppression
in TrexI™~ cells. These molecular findings establish a plausible
mechanism by which chronic STING activation and trafficking not
only recruit TBK1 for IRF3 signaling but also bring TBK1 to close
proximity with mTORC1 on the lysosomes. Consistent with this
finding, mTORC1 substrate S6K was recently shown to be
recruited to the STING-TBK1 complex to promote IFN signaling
during acute DNA stimulation (23). The molecular details of the
interaction between the STING signalsome and the mTORCI1
complex, as well as functional consequences during acute and
chronic DNA stimulation, require further investigation.

Trex] deficiency leads to reduced mTORCI activity in mouse
cells and tissues, as well as impaired cellular metabolism (reduced
mitochondrial respiration) and a hypermetabolic state (increased
fat metabolism and glycolysis) in vivo. Both the cellular and sys-
temic metabolic phenotypes are STING-dependent and IRF3-
independent, and both phenotypes have previously being shown to
be associated with reduced mTORCI, a master regulator of me-
tabolism (8-10). The “cause” of inflammation (and innate immune
signaling) in Trex] ™'~ mice has been clearly demonstrated by
multiple groups to be the self-DNA-mediated activation of the
cGAS-STING-TBK1-IRF3 pathway. In the context of this
knowledge, decreased mTORCI activity is the “consequence,” not
the cause, of TrexI-deficiency-mediated innate immune signaling;
this decreased mTORCI activity occurs cell-intrinsically. However,
our study does not exclude the possibility of decreased mTORC1
in turn influencing overall inflammation. We also found that TrexI
deficiency enhances growth of xenografted tumor, and this pro-
tumor effect is also STING-dependent but IRF3-independent.
Whether this protumor effect is the result of chronic mTORCI1
inhibition by TBK1 or the dysregulated host metabolism seen in
Trex]”~ mice requires more investigation. Other host immune
signaling downstream of STING, such as NF-kB or STAT6 acti-
vation (24), could also contribute to the overall protumor effect.

Together, we envision a model where chronic autoimmune ac-
tivation of the STING-TBK1 pathway leads to reduced mTORC1
activity, which then causes dysregulated cellular and systemic
metabolic phenotypes. We identify TBK1 as the critical factor that
regulates both immune signaling (that leads to inflammation) and
metabolism (through inhibiting mTORCI). Future studies are
needed to further illuminate how TBK1 balances both activities in
normal and in autoimmune disease settings. It will be interesting
to investigate whether other chronic innate immune activation
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mouse models present similar metabolic phenotypes. Nonetheless,
because metabolic dysregulation is becoming more commonly
observed in autoimmune diseases such as SLE, which is often
associated with elevated type I IFN gene signature and chronic
activation of TBK1-dependent innate immune pathways (21, 25,
26). The molecular mechanism we delineated here with the
TrexI™'~ mouse model highlight TBK1 as a potentially useful
therapeutic target that mediates the crosstalk between immune
response and metabolism.

Materials and Methods

Cells, Mice, and Reagents. All animal experimental protocols were approved
by the Institutional Animal Care and Use Committee of University of Texas
Southwestern Medical Center at Dallas. Trex7™'~ mice were described pre-
viously (1). Trex1™~Ob/Ob mice were generated by crossing Trex7*'~ mice
with Ob/Ob mice. All mice used in this study were from a C57BL/6 back-
ground, and experiments were conducted using littermate-controlled male
or female mice. A detailed reagent list is in S/ Materials and Methods.

RNA Isolation, Quantitative RT-PCR Analysis, Cytokine-Detection Assay,
Western Blot, and Immunoprecipitation. RNA isolation and quantitative
(g)RT-PCR analysis were performed as described previously (1). Serum cytokines
were measured by MILLIPLEX multiplex assay using Luminex (EMD Millipore)
according to the manufacturer’s protocols. Western blots were performed as
described previously (1). Coimmunoprecipitation experiments were performed
as described previously (2).

Body Composition Analysis, Computed Topography, Metabolism Assay, and
Tumor Study. A Whole Body Composition Analyzer (Bruker Minispec mq10;
Bruker) was used to quantify total body fat, lean body mass, and fluid
contents. For real-time analysis of the ECAR and OCR, cells were analyzed with
XF-24-3 extracellular flux analyzer (Seahorse Bioscience) according to the
manufacturer’s recommendations. Serum NEFA measurements were done
using the Vitros 250 Chemistry System at the University of Texas South-
western Medical Center Mouse Metabolic and Phenotyping Core. For more
detailed information, see SI Materials and Methods.
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