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SUMMARY

Nutrient sensing and damage sensing are two fundamental processes in living organisms. While hyperglyce-
mia is frequently linked to diabetes-related vulnerability to microbial infection, how body glucose levels affect
innate immune responses to microbial invasion is not fully understood. Here, we surprisingly found that viral
infection led to a rapid and dramatic decrease in blood glucose levels in rodents, leading to robust AMPK
activation. AMPK, once activated, directly phosphorylates TBK1 at S511, which triggers IRF3 recruitment
and the assembly of MAVS or STING signalosomes. Consistently, ablation or inhibition of AMPK, knockin
of TBK1-S511A, or increased glucose levels compromised nucleic acid sensing, while boosting AMPK-
TBK1 cascade by AICAR or TBK1-S511E knockin improves antiviral immunity substantially in various animal
models. Thus, we identify TBK1 as an AMPK substrate, reveal the molecular mechanism coupling a dual
sensing of glucose and nuclei acids, and report its physiological necessity in antiviral defense.

INTRODUCTION

Responses to invasion and damage are fundamental processes
in living organisms. Cytosolic nucleic acid sensors such as RIG-
I and cGAS®* monitor invading microbes and damage by
perceiving cytosolic nucleic acids derived from pathogens,
the nucleus, or the mitochondria.>® RNA sensors RIG-I and
MDADS5, activated by viral RNA species, interact with and pro-
mote mass aggregation of MAVS (known as VISA, IPS-1, or
Cardif) on the mitochondrial surface to form the MAVS signal-
osome.”"” Second messenger 2'3'-cyclic GMP-AMP
(cGAMP),>"""13 synthesized by DNA sensor cGAS, activates
STING (also known as MITA or ERIS)'*'® to trigger a non-ca-

nonical STING-PERK pathway initiated in the endoplasmic re-
ticulum (ER) that regulates mRNA translation.’” Subsequently,
STING translocates to the ERGIC/Golgi apparatus, where the
STING signalosome assembles, facilitated by TBK1 activation
and the IRF3 recruitment.’®'® IRF3 phosphorylation at the C
terminus by TBK1 in the MAVS or STING signalosome mobi-
lizes its dimerization and nuclear translocation, where IRF3
transcribes type | interferons (IFN-Is) and numerous IFN-stimu-
lated genes (ISGs), directly and indirectly,”>?" in coordination
with simultaneously activated NF-xB.>~" Nucleic acid sensing
establishes an immune state to restrict microbial infection,
modulates adaptive immunity, and guides tissue repair and
regeneration.®"*%?3
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At the cellular level, nucleic acid sensing controls
autophagy,>*2° senescence,?’° protein synthesis,'” protein
condensation,®" mitochondrial dynamics,'® and differentiation,*”
and triggers cell death.®*° TBK1, the central kinase in MAVS
and STING signalosomes,*® is activated by intermolecular trans-
autophosphorylation'®®” and regulated elaborately by host
factors, microbial proteins, and environmental cues.***° Known
posttranslational modifiers of TBK1 include IKKB,*' LCK,*?
SRC,*® AKT1,** PKC#,"® and DYRK2.%® Nevertheless, the compo-
nents and precise mechanisms related to STING and MAVS
signalosomes’ translocation, assembly, and activation are
incomplete.

Metazoan cells also rely on the balanced availability of nutri-
ents, including glucose and amino acids, to maintain prolifera-
tion and survival. However, a direct molecular link between
two basic cellular behaviors, the sensing of nutrients and the
perception of damage, has barely been established thus far.
AMP-activated protein kinase (AMPK) is a principal sensor of
glucose deficiency and the master controller of various meta-
bolic pathways.*’*° Notably, AMPK is activated at the lyso-
somal surface in response to decreasing glucose levels through
aldolase and the v-ATPase-Ragulator complex,”®°" besides
being controlled by AMP/ATP ratios and crosstalk with other
signaling pathways.*®°>*® Once activated, AMPK impacts cell
physiology, such as glucose and lipid metabolism, protein syn-
thesis, autophagy and mitochondrial biogenesis, and whole-
body metabolism.*®°* The therapeutic potential of AMPK is
broadly recognized in treating metabolic diseases such as
obesity, type 2 diabetes, and cancer. AMPK restricts the replica-
tion of microbial pathogens, such as hepatitis C virus (HCV), Rift
Valley Fever virus (RVFV), and M. tuberculosis,”> " although the
underlying mechanism is largely undetermined. The pathogens
also employ the strategy of AMPK inhibition to manipulate the
innate host response.57 Besides, AMPK functions in T cell meta-
bolism by controlling T cell metabolic plasticity.>® Intriguingly, a
recent report indicates a critical function of TBK1 in adipocytes
for repressing energy expenditure by direct phosphorylation
and inhibition of AMPKa.%° However, the role of AMPK in innate
immunity has barely been explored, and neither its physiological
significance nor its key molecular events are precisely
determined.®%-%°

Hyperglycemia, the prominent metabolic feature in diabetes
patients, has been considerably linked to diabetes-related
vulnerability to microbial and parasitic infection. Infections are
more frequent and severer in diabetic versus non-diabetic indi-
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viduals, including increased occurrences and severities of lung
infection by Influenza virus (IAV), Legionella spp., and
M. tuberculosis, blood infection by Dengue virus (DENV), brain
infection by West Nile virus (WNV),®" liver infection by HCV,
and skin lesion by Varicella-Zoster virus (VZV, Herpes Zos-
ter).>%® Notably, diabetes and poor glycemic control are closely
associated with the severity and mortality of patients with
COVID-19°4%®  and severe acute respiratory syndrome
(SARS).?” Thus, we systemically investigate the connection be-
tween glucose sensing and nucleic acid sensing. Unexpectedly,
we found that AMPK is robustly activated in various tissues dur-
ing the very early stage of viral infection due to a rapid and sharp
drop in blood glucose levels. AMPK then directly phosphorylates
TBK1 at S511 to prime the assembly of STING and MAVS signal-
osomes, thus potentiating pathogen and damage surveillance.
The genetic or pharmacologic intervention of this AMPK-
directed TBK1 modification severely impedes innate immune
sensing and antiviral immunity. Together, we describe an
intrinsic and essential function of AMPK for coupling glucose
and damage sensing.

RESULTS

Viral infection induces a rapid and dramatic drop in
blood glucose levels

To survey the physiological interplay between glucose sensing
and danger recognition, we constantly monitored the blood
glucose levels of mice (C57BL/6) infected with RNA and DNA vi-
ruses. Unexpectedly, we detected striking decreases in murine
serum glucose levels upon infection of vesicular stomatitis virus
(VSV), mammalian orthoreovirus (MRV), HSV-1 (Figure 1A), and
swine acute diarrhea syndrome coronavirus (SADS-CoV) (Fig-
ure 1B). The degree of blood glucose drop was remarkable;
blood glucose was considered extremely low (3.5-5 mM/L,
roughly 60-90 mg/dL) (Figures 1A-1C). Similar alterations were
seen in viral-infected BALB/c mice and LVG hamsters (Fig-
ure 1D). They occurred rapidly, peaked at 6-24 h post-infection
(hpi) depending on the mouse strain/virus type, and were
resolved by 36-48 hpi (Figures 1B-1D), even in mice without
food supplements (Figure S1A) or with per os (P.O.) gavage of
foods (Figure S1B). However, the infected mice consumed less
food at 48 hpi (Figure S1C). Intriguingly, viral inactivation by
either thermal treatment or UV exposure eliminated the decline
of glucose levels (Figure 1E), suggesting that viral nucleic
acids-carried information instead of humoral immunity causes

Figure 1. Viral infection results in rapid and dramatic decreases in blood glucose levels and AMPK activation
(A) The glucose levels in the serum of C57BL/6 mice were surveyed at the indicated time upon intravenous infection with VSV or HSV-1 by tail injection or in-

tragastric MRV infection.

(B and C) The blood glucose levels of C57BL/6 mice were constantly monitored upon viral infection.
(D) Infection of RNA virus VSV, coronavirus SADS-CoV, or DNA virus HSV-1 reduced blood glucose levels in BALB/c mice or LVG hamsters.
(E) Inactivated by thermal exposure (55°C, 1 h) or UV exposure (8,000 J/m?, 20 min), VSV failed to reduce blood glucose levels.

(F-H) Activation of endogenous AMPK in organs was indicated by phospho-AMPK T172 and phospho-ACC immunoblottings in response to VSV infection (F and
G), AICAR treatment (5 mg/kg, 6 h) (F and G), or HSV-1 infection (6 h) (H).

(I) C57BL/6 mice were challenged with VSV via tail injection, without or with per os (P.O.) gavage administration of glucose and afterward 20% glucose sup-
plementation in drinking water, and the survival ratio was monitored at desired stages. The number of mice used is indicated. * p = 0.0401, by log-rank test.
Applied to Figures 1, 2, 3, 4, 5, 6, and 7: unless specified, n = 3 independent experiments (mean + SEM); * p < 0.05, ** p < 0.01, and *** p < 0.001, by statistical
analysis of the indicated comparison with ANOVA and Bonferroni correction; unprocessed images are shown in Mendeley Data.

See also Figure S1.
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this dramatic effect. The process might be relevant to innate im-
mune responses, such as those mediated by TBK1-activated
glycolysis in cells®®®° or the TLR-CNS axis,’® but waiting to be
determined.

The rapid and sharp drop in blood glucose levels
activates AMPK in tissues

Reductions in blood glucose levels will intrinsically lead to AMPK
activation due to the ancestral role of AMPK in glucose
sensing.”® We found that AMPK was remarkably and rapidly acti-
vated in the livers and spleens of mice with infection of RNA virus
VSV (Figures 1F and 1G) or DNA virus HSV-1 (Figure 1H) to alevel
comparable to the treatment of AICAR, a highly selective and
potent activator of AMPK.”" As also evidenced by the phosphor-
ylation of AMPK substrates, AMPK activation was evident and
preceded TBK1-IRF3 activation (Figures S1D). The AMPKAR-
EV transgenic mice’? were employed to monitor the real-time
AMPK activity of skeletal muscle via in vivo imaging. In the bi-
ceps femoris, fluorescence resonance energy transfer (FRET)/
cyan fluorescent protein (CFP) ratios revealed that VSV infection
triggered a marked activation of endogenous AMPK similar to
AICAR treatment (Figure S1E). Additionally, the VSV-challenged
mice had a faster progression and more severity of the infectious
disease when the drop in blood glucose was partially compro-
mised (maintain roughly 6-10 mM/L) by oral gavage or drinking
water supplement of glucose (Figure 1l). These observations
indicate the physiological importance of this sharp drop in
glucose blood levels.

What causes this dramatic in vivo activation of AMPK? We
employed a CE-MS methodology that revealed the barely
affected AMP/ADP:ATP ratios in the peritoneal macrophages
(PMs) at a time scale (2-3 hpi) with dramatic AMPK activation
(Figures S1D, S1F, and S1G), suggesting that the sharp drop in
blood glucose levels triggers AMPK activation, rather than energy
deficiency in cells replicating viruses. Additionally, VSV infection
did not dramatically disturb long-chain fatty acids metabolism
and enhanced circulating free fatty acids (FAAs) at the early stage
of infection (Figure S1H), favoring that this AMPK activation is in-
dependent of long-chain fatty acid (LCFA) metabolism.”®

Glucose deficiency magnifies nucleic acid sensing

via AMPK

Innate immune responses were then examined in innate immune
cells (PMs), epithelial cells (DLD1 and HCT 116), and fibroblasts
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(MEFs). Infection with RNA virus SeV activated TBK1 and IRF3 in
PMs, which was substantially boosted by glucose starvation that
activated AMPK (Figure 2A). We instead transfected poly(l:C)
(TpIC), a dsRNA analog, to exclude the possible involvement of
virally encoded proteins. Poly(l:C) similarly caused striking
TBK1 and IRF3 activation under glucose-deficient conditions
(Figure 2B). Similarly, SeV-induced TBK1 activation in PMs and
MEFs was potentiated by 2-DG treatment that activated AMPK
(Figures 2C and S2A). Sensing of mtDNAs, released upon the
treatment of ABT-737, qVD-OPH, and S63845 (AQS), was simi-
larly augmented by glucose depletion (Figure S2B).

Two critical regulators of cellular energy metabolism, the
AMPK and mTOR, were examined to understand glucose defi-
ciency-enhanced nucleic acid sensing. Inhibition of AMPK by
Compound C, but not the blockade of mTOR by rapamycin, pre-
vented TBK1 activation (Figure 2D), and AMPK inhibition attenu-
ated both RNA and DNA sensing (Figures 2E and S2C). We then
evaluated AICAR and A-769662,”* two well-defined AMPK ago-
nists that function through distinct mechanisms. cGAMP-
induced STING-TBK1-IRF3 signaling was profoundly enhanced
by AICAR, A-769662, or 2-DG (Figures 2F and S2D). Notably,
we revealed the substantially potentiated STING-TBK1-IRF3
signaling in MEFs, near in vivo blood glucose levels in infected
rodents (<5 mM) (Figure 2G). These findings suggest a physio-
logical connection between blood glucose drop, AMPK activa-
tion, and enhanced nucleic acid sensing.

Nucleic acid sensing-initiated cytokine expression in
tissues requires AMPK activity

We next examined mRNAs of IFN-Is and ISGs in macrophages,
intestinal organoids, and zebrafish to characterize the dual
sensing of glucose and nucleic acids. AMPK agonist AICAR
robustly potentiated, but inhibitor Compound C profoundly
attenuated the HSV-1-induced ISGs mRNAs in PMs (Figure 2H).
We found that intestinal organoids cultured in vitro were sensitive
and functioned as convenient tissue models for nucleic acid
sensing study. cGAS-STING signaling in intestinal organoids
stimulated by hydroxyurea (HU) or cGAMP was markedly
enhanced by AICAR or 2-DG but suppressed by Compound C
(Figures 21 and S2E). Zebrafish is an ideal model for evaluating
innate immune responses.*%>"® VSV infection in zebrafish trig-
gered robust antiviral responses via induction of zIFNes and
zISGs, and AICAR was able to activate zebrafish AMPK (zAMPK)
(Figure 24, left) and augmented antiviral responses (Figure 2J,

Figure 2. Glucose deficiency facilitates nucleic acid sensing via AMPK

(A-C) Cytosolic RNA sensing was evaluated in PMs under glucose starvation and 2-DG administration in response to SeV infection (A and C) or cytosolic exposure
of RNA analogs poly(l:C) (B), as indicated by immunoblotting using antibodies recognizing active forms of TBK1 and IRF3.

(D) Glucose deficiency potentiated RNA sensing, which was attenuated by AMPK inhibitor Compound C but not mTOR inhibitor rapamycin.

(E) The effects of 2-DG administration and Compound C on DNA sensing were evaluated in PMs infected with HSV-1.

(F and G) AMPK activation by 2-DG, AICAR, or low glucose concentration promoted cGAS-STING signaling in DLD1 cells (F) and MEFs (G), stimulated by STING

agonist cGAMP.

(H) The effects of AICAR and Compound C on DNA sensing were evaluated in PMs infected with HSV-1 by the mRNA expression of ISGs.

() Intestinal organoids from crypts isolated from mouse intestines were cultured in vitro and stimulated by cGAMP to activate DNA sensing. Effects of 2-DG and
Compound C on DNA sensing were evaluated by ISGs expression. n = over 600 organoids from 3 mice in each group.

(J) gVSV was microinjected into the yolks of zebrafish embryos to elicit a robust viral infection state. Zebrafish embryos at 24 hpi were subjected to immuno-
blotting and qRT-PCR analysis to determine the effects of AICAR or Compound C on zebrafish AMPK activation (J, left) and mRNA expression of zebrafish IFNs
and ISGs (J, right), respectively. n = 3 independent experiments using 25 embryos in each group.

See also Figure S2.
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right). These collective observations suggest that AMPK activity
is a crucial and cross-species physiological determinant for
cytokine production upon nucleic acid sensing.

Genetic ablation of AMPK attenuates nucleic acid
sensing

Via cotransfection, we found that expression of AMPKa (cata-
lytic) subunits strongly promoted RIG-I- or TBK1-stimulated
IRF3 transactivation (Figures 3A and S3A), relying on the
AMPK kinase activity in a dose-dependent manner (Figures 3B
and S3B). Next, various AMPK genetic tools were then employed
to validate the role of AMPK in innate immunity. MEFs from mice
with genetic ablation of both AMPKa. subunits (dKO) reduced
dsDNA sensing (Figure 3C) and dsRNA sensing (Figures 3C
and 3D). CRISPR-mediated dKO of AMPK a1/¢2 subunits in
DLD1 cells led to compromised SeV sensing (Figure 3D), dam-
age-induced DNA sensing (Figure S3E), and STING signaling
(Figure 3E). Without AMPKa subunits, 2-DG failed to enhance
STING signaling (Figure 3E) and RNA sensing-induced IFN-Is
and ISGs expression (Figure 3F). These data suggest an essen-
tial role of AMPK in the effective sensing of cytosolic RNAs
and DNAs.

We also generated a gRNA-transfected pool of HCT116 and
DLD1 cells to exclude the interference of distinct clonal back-
grounds and inspect this effect. AMPK deletion/depletion by
gRNAs attenuated cGAS-STING signaling (Figure 3G) and RNA
sensing-induced expression of IFN-Is and ISGs (Figure S3F),
as well as the inhibitory effect of Compound C (Figure 3H). Be-
sides, PMs obtained from the mice with conditional knockout
of AMPKa1/0.2 in a myeloid line (AMPKa1/027°*+Lyz°™®) showed
the strongly compromised sensing of SeV and HSV-1 (Figures 3l
and 3J), and attenuated mRNA expression of IFN-Is and ISGs
(Figures 3K and 3L). These observations suggest that AMPK is
physiologically vital for effectively sensing cytosolic nu-
cleic acids.

TBK1 is a substrate of AMPK modified at a classic
substrate motif

We then attempted to decipher the molecular mechanism under-
lying the AMPK-potentiated nucleic acid sensing. Coimmuno-
precipitation revealed an interaction between cotransfected
TBK1 and the AMPK « and § subunits (Figure 4A) and a complex
of stably expressed AMPKa with endogenous TBK1 and IRF3 in
MEFs and gut epithelial cells (Figures 4B, S4A, and S4B), partic-
ularly upon AMPK activation. Domain mapping analysis using
AMPKa.1 truncation mutants revealed that the N terminus kinase
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domain of AMPKa1 was responsible and sufficient for TBK1
interaction (Figure 4C). These data suggest a stimulating interac-
tion between AMPK and TBK1.

An interaction of TBK1 with the kinase domain of AMPK im-
plies a potentially direct modification of TBK1 by AMPK. Intrigu-
ingly, we observed a somewhat AMPK-mediated mobility shift
signal for TBK1 in Phos-tag electrophoresis (Figure 4D), a clue
of AMPK-mediated TBK1 phosphorylation. Scansite software
(https://scansite4.mit.edu) predicts that the S511 and T682 res-
idues of TBK1 are possibly modified by AMPK. Notably, the
amino acid sequence proximal to S511 has perfectly matched
the classic AMPK recognition motif, featuring the hydrophobic
residues at —5 (L) and +4 (l) and a basic residue at —3 or —4
(R) (Figure 4E), both of which are important for substrate recog-
nition.”” In addition, TBK1 S511 residue has a polar side chain
at +3 (T) and a neutral polar residue at —2 (S) (Figure 4E), which
further enhances AMPK modification.”®”® This well-matched
AMPK substrate motif on TBK1 is highly conserved among ver-
tebrates (Figure S4C). Notably, mass spectrometry analysis for
coexpressed TBK1 and AMPK revealed that S511, but not
T682, was phosphorylated by AMPKa1. This phosphorylation
was entirely prevented by Compound C (Figure S4D). We then
collaborated with Abcam to generate an antibody explicitly tar-
geting the phospho-TBK1 S511 due to the unavailability of a
commercial antibody recognizing the AMPK substrate motif
with a basic residue at the —4 position. The resulting antibody
recognized the specific TBK1 phospho-S511 residue but did
not cross-react with the proximal phospho-S510 targeted by
AKT1%* (Figure 4F), while mutating the S511 residue into alanine
eliminated this phosphorylation signal (Figure 4G). Besides,
phospho-TBK1 S511 was not induced by AKT1 but augmented
upon the suppression of AKT activity, as revealed by mass spec-
trometry assay (Figure S4E). To exclude the possibility of an
AMPK-ULK-mediated modification at TBK1 S511, we generated
L508R mutant TBK1 by which a putative ULK1 substrate motif is
disrupted and R507A mutant that disrupts the AMPK substrate
motif. Evidently, disruption of the AMPK motif eliminated the
phosphorylation signal while mutating the putative ULK1/2 motif
not, suggesting AMPKa1 phosphorylates TBK1 directly at S511
(Figure 4H). Notably, VSV infection or AICAR treatment potenti-
ated endogenous AMPK and phospho-TBK1 S511 in murine
livers or spleens (Figures 41 and S4F) and DLD1 cells (Fig-
ure S4G), with an observable activation flow through AMPK,
pTBK1 S511, pTBK1 S172, and pIRF3 (Figure 4l). Meanwhile,
deletion/depletion of AMPKa1/a2, but not ULK1/2 or FIP200,
an essential partner of ULK1/2, abrogated endogenous TBK1

Figure 3. Genetic ablation of AMPK attenuates nucleic acid sensing

(A and B) The effects of AMPKa.1 or 2 in RIG-I-N (caRIG-I)-stimulated IRF3 transactivation was assessed by IRF3-responsive reporter assay (A) and phospho-

IRF3 immunoblotting (B).

(C) AMPKa1/02 dKO MEFs were insensitive to sensing of RNA or DNA analogs, evidenced by attenuated TBK1 activation.
(D and E) AMPKa1/a2 dKO DLD1 cells were generated by CRISPR-mediated genome editing, verified by immunoblotting, and analyzed the sensing of cytosolic

RNA (D) and cGAMP-induced STING signaling (E).

(F) The dKO of AMPK « subunits reduced TplC-stimulated RNA sensing and abolished the effects of 2-DG on RNA sensing-initiated expression of IFNf and ISGs.
(G and H) Cell pools of HCT116 and DLD1 with deficiency of AMPKa.1/2.2 were generated by gRNA-mediated strategy and analyzed for TBK1 and IRF3 activation
(G) and the mRNA expression of IFN- and ISGs (H). dKO of AMPK eliminated the difference caused by Compound C treatment (H).

(I and J) In PMs obtained from AMPKa1/22 conditional dKO mice, the enhanced sensing of the SeV (I) and HSV-1 (J) by 2-DG administration was lost.

(K and L) Genetic ablation of AMPKa1/02 in PMs resulted in profound decreases in ISG mRNA expression upon RNA sensing (K) or DNA sensing (L).

See also Figure S3.
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phosphorylation at S511 (Figure 4J, 4K, and S4H), which was
induced by AICAR or 991, another specific AMPK activator.®°
An in vitro kinase assay using AMPKa1 and TBK1 separately ex-
pressed and purified from ULK1/2 dKO HEK293 cells revealed
that AMPKa1 directly phosphorylated TBK1 at this S511 residue
(Figure 4L), a process that did not affect by ULK1/2 inhibition
(Figure 4M). TBK1 is auto-phosphorylated at S172 and activated
during overexpression. However, TBK1 failed to phosphorylate
themselves at S511 (Figure S4l). These intriguing data suggest
that TBK1 is a new substrate of AMPK, directly modifying at a
classic AMPK substrate motif.

TBK1 phosphorylation by AMPK facilitates antiviral
signalosome assembly

The biological importance of the AMPK-TBK1 axis is further
investigated. We detected the elevated level of TBK1 activation
when TBK1 was coexpressed with AMPKo1 or its kinase
domain, indicated by phospho-TBK1 S172 levels and some-
what slower mobility shift in Phos-tag PAGE (Figure 5A). An
in vitro kinase assay revealed that TBK1, when cotransfected
with active AMPK, exhibited an increased efficacy to phosphor-
ylate IRF3 (Figure 5B). Using the S511E/D mutants to
mimic AMPK-phosphorylated TBK1 and the S511A mutant dis-
rupts AMPK-mediated modification, we found that preventing
AMPK-mediated phosphorylation compromised TBK1-IRF3
signaling while mimicking this phosphorylation increased it
(Figure 5C). Intriguingly, a distinct and opposite effect was
revealed between phosphorylation of S511 and S510
(Figures 5C and 5D), which was mediated by AKT1 (Figure S4E
and Wu et al.*%), indicating subtle regulations on TBK1 from two
critical kinases represent catabolic and anabolic functions,
respectively. The observation was further supported by their
distinct effects on modifications at the proximal residues in
phosphorylation-rich motifs (PRMs), such as S499, T517, and
S518 residues (Figure S5A). These data suggest that AMPK-
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mediated TBK1 phosphorylation at S511 facilitates antiviral
signaling.

To characterize its biological effect, we successfully gener-
ated via CRISPR-Cas9 technique a few DLD1 knockin (KI)
homogeneous clones that prevented (S511A) or mimicked
(S511D) AMPK-mediated phosphorylation (Figures S5B and
S5C). Viral RNA sensing or STING signaling was attenuated
when endogenous TBK1 was mutated to disrupt AMPK
modification (Figures 5E and 5F), in sharp contrast to TBK1
mutant resisting AKT1 modification. Conversely, when endog-
enous TBK1 mimicked AMPK-mediated phosphorylation
(S511D KIl), an enhanced STING signaling level was detected
(Figures 5G and S5D). Notably, this signal was comparable
to the conditions with AMPK activation, and AICAR-
enhanced activation effect was lost (Figure 5G). These
consistent data suggest a central role of AMPK-mediated
phosphorylation at TBK1 S511 in coupling glucose and nu-
cleic acid sensing.

We next attempted to understand the precise alterations in
signaling caused by this specific TBK1 phosphorylation. Intrigu-
ingly, the weak interaction between TBK1 and IRF3, critical for
STING and MAVS signalosome assembly, was strikingly
enhanced by AMPKa or AMPK activators but not ULK1
(Figures 5H and S5E). We detected a compromised interaction
between TBK1 S511A and IRF3, compared with an enhanced
association between TBK1 S511D and IRF3 (Figures 5l and
S5F). Remarkably, we even detected an interaction between sta-
bly expressed TBK1 and endogenous IRF3 in gut epithelial cells
upon AICAR treatment (Figure 5J), the molecular event known for
being extraordinarily transient and impossible to visualize. The
interactions between TBK1 with STING or MAVS, vital for signal-
osome assembly, were similarly enhanced by AMPK, albeit
moderately (Figures 5K and S5G). In addition, we observed in
TBK1 S511A Kl cells than in TBK1 S511D Ki cells the slower dy-
namic of endogenous STING aggregation (Figure 5L), a process
representing STING signalosome assembly.** Besides, AMPK

Figure 4. AMPK directly phosphorylates TBK1 at the S511 residue

(A) The association between TBK1 and the « or B subunit of AMPK was detected by coimmunoprecipitation.

(B) Flag-tagged AMPKa.1 was stably reconstituted into AMPK-dKO DLD1 cells, and its association with endogenous TBK1 was evaluated by coimmunopre-
cipitation to overcome the unavailability of an AMPK antibody for immunoprecipitation. Visible associations between AMPKa1 and endogenous TBK1 and IRF3
were detected, particularly in the presence of AICAR.

(C) Domain mapping analyses using the indicated AMPKa1 truncations revealed an affinity of the kinase domain (a.a. 1-280) of AMPKa.1 for TBK1 interaction.
(D) Phos-Tag electrophoresis, which exaggerates mobility shifts of phosphorylated proteins, detected an alteration of TBK1, but not that of IKKe or IRF3, in the
presence of AMPKa1.

(E) TBK1 sequence proximal to S511 matched the known preferred consensus substrate motif of AMPK, featuring basic and hydrophobic residues at —3 (or —4)
and —5, a strong hydrophobic residue at +4, and hydrophilic residues at —2 and +3.

(F and G) A phosphorylation-specific antibody targeting phospho-TBK1 S511 was generated in collaboration with Abcam (F), which recognized AMPK-mediated
TBK1 phosphorylation (F and G) and did not react with S511A (G).

(H) AMPKa1 phosphorylated TBK1 wild type and L508R mutant (ULK1 substrate motif is disrupted), but not TBK1 R507 mutant (AMPK substrate motif is dis-
rupted).

(I) Endogenous phospho-TBK1 S511 was rapidly induced upon VSV infection in the murine livers, accompanied sequentially by AMPK activation and the
phosphorylation of TBK1 S172, ULK1, and IRF3 phosphorylation.

(J and K) sgRNA-mediated deficiency of AMPKa1/02, but not FIP200, eliminated AICAR or 991-induced endogenous phospho-TBK1 S511 (J and K) and TBK1
activation (J).

(L) Constitutively active AMPKa.1, which was purified from ULK1/2 dKO HEK293 cells, directly phosphorylated WT or kinase-dead (K38A) TBK1 at S511 during in
vitro kinase assay.

(M) ULK1/2 inhibition by MRT68921 (0.1-1 uM) blocked ULK1-induced phosphorylation of Atg13 in vitro, but not AMPKa1-induced phosphorylation of TBK1
at S511.

See also Figure S4.
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appeared to reduce the K48-linked ubiquitination level of TBK1
(Figure S5H). These surprising observations suggest that TBK1
phosphorylation by AMPK facilitates signaling complex assem-
bly via enhanced protein associations.

TBK1 phosphorylation by AMPK is crucial for cellular
antiviral defense

We next evaluated the function of AMPK in cellular antiviral de-
fense. Compromised VSV replications were seen in MEFs
upon AICAR treatment (Figure 6A) or in gut epithelial cells upon
AICAR treatment or glucose deprivation (Figure S6A), as re-
vealed by the GFP tag integrated into the viral genome. Genetic
ablation of AMPK «.1/a2 weakened antiviral defense in MEFs and
abolished the antiviral effect of AICAR (Figure 6A). By contrast,
gRNA-mediated deletion/depletion of AMPK a. subunits or treat-
ment with Compound C, rather than FIP200 knockout, impeded
antiviral resistance in gut epithelial cells and BMDMs, leading to
apparent increases in VSV replications (Figures 6B, 6C, and
S6B-S6D). HSV-1 replications in gut epithelial cells, similarly as-
sessed by viral genome-integrated GFP, were suppressed when
AMPK was activated by AICAR, 991, or metformin, a mild but
long-lasting AMPK agonist®' (Figures 6D and S6E). By contrast,
KO of AMPK o subunits aggravated HSV-1 replications (Fig-
ure 6E). Additionally, we detected a substantial augmentation
for replications of RNA and DNA viruses, rather than viral infec-
tion rate, in DLD1 cells where the AMPK-TBK1 axis was disrup-
ted by S511A Kl (Figures 6F and S6F). These consistent data
suggest that the AMPK-TBK1 axis is vital for cellular antiviral de-
fense due to its potentiation on nucleic acid sensing.

The AMPK-TBK1 axis is critical for innate antiviral
immunity in zebrafish and mice

The physiological role of AMPK-TBK1 regulation was first evalu-
ated in zebrafish by an infection model previously devel-
oped.“%"57¢ Zebrafish embryos microinjected with VSV displayed
a robust enhancement of viral resistance and extended survival
when in the AICAR-containing medium (Figure 7A), suggesting a
critical role of AMPK in antiviral physiology and its conservation
during evolution. We next employed an intriguing and convenient
infectious model, the corneal HSV-1 infection, where the scales of
HSV-1 infection and disease symptoms can be directly visualized
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and scored.**®? We observed that the ocular administration of
AICAR significantly improved viral resistance against HSV-1,
with an evident amelioration of infection phenotypes (Figure 7B),
ocular disease scores (Figure 7C), and viral loads (Figure 7D). In
addition, mice with conditional knockout of AMPKoa1/02 in
myeloid cells showed somewhat reduced antiviral responses
against VSV and increased viral replication (Figure 7E).

To precisely evaluate the in vivo function of the AMPK-TBK1
axis, we generated knockin mice harboring the S511E TBK1
that mimicked AMPK-mediated phosphorylation and the
S511A TBK1 that disrupted the AMPK-TBK1 axis, utilizing a
CRISPR-mediated strategy (Figures S7A-S7C). The homozy-
gotes of TBK1 S511E mice and TBK1 S511A mice were viable
and appeared normal (Figure S7C). Viral RNA sensing was
enhanced in PMs isolated from the TBK1 S511E mice but was
attenuated in S511A PMs (Figures 7F, 7G, and S7D). Likewise,
nucleic acid sensing-induced expression of ISGs and cytokines
was markedly increased in TBK1 S511E PMs in response to
HSV-1 (Figure 7H), VSV (Figure S7E), SeV (Figure S7F), mito-
chondrial DNA (mtDNA) leaking (Figure 71), or RNA analogs (Fig-
ure S7G). By contrast, uncoupling the AMPK-TBK1 axis by
S511A Kl compromised the PMs for sensing cytosolic DNA or
RNA (Figures 7J and S7H). Replicates of VSV and HSV-1 were
substantially compromised in TBK1 S511E PMs (Figures 7K
and 7L), in sharp distinction to an increase of HSV-1 replication
in PMs with uncoupled AMPK-TBK1 axis (Figure 7K). Notably,
we observed a marked decrease of HSV-1 viral loads in the eye-
lids of sacrificed TBK1 S511E mice (Figure 7M) and ameliorated
phenotypes of ocular disease in the HSV-1 corneal infection
model (Figure 7N). These observations suggest that TBK1 phos-
phorylation at S511 by AMPK is physiologically critical to antiviral
responses and immunity.

DISCUSSION

In this report, we revealed an unexpected mechanism by which
the primary glucose sensor directly phosphorylates and primes
the essential kinase of innate immunity to facilitate invasion sur-
veillance, thus bridging two major sensing systems in living or-
ganisms (Figure S7I). This molecular coupling was consistently
in cells, tissues, zebrafish, and mice, indicating its ubiquity and

Figure 5. TBK1 phosphorylation by AMPK is vital for antiviral signalosome assembly
(A) Coexpression of AMPKa.1 or its N-terminal kinase domain potentiated TBK1 activity, measured by increased TBK1 S172 phosphorylation and slower mobility

shift portion in Phos-tag electrophoresis.

(B) AMPK enhanced the capability of TBK1 to phosphorylate IRF3 in an in vitro kinase assay, an effect suppressed by Compound C.

(C and D) A significant loss of TBK1 function was recorded in TBK1 decoupling AMPK-mediated phosphorylation (S511A), by the IRF3-responsive reporter (C) or
phospho-TBK1 and phospho-IRF3 immunoblottings (D). TBK1 mimicking AMPK-mediated phosphorylation (S511E) displayed a positive role, while TBK1 S510
mutants exhibited an opposite effect to S511 (C and D).

(E and F) RNA sensing (E) or STING signaling (F), stimulated by SeV infection or cGAMP treatment and evidenced by TBK1 and IRF3 activation, was largely lost in
cells containing TBK1 S511A Kl homozygotes but increased in TBK1 mutant uncoupling with AKT1 modification (E).

(G) The S511D KI DLD1 cells showed a robust increase in cGAMP-stimulated DNA sensing signaling and were unresponsive to AICAR.

(H and I) A weak interaction between TBK1 and IRF3 was captured by coimmunoprecipitation using an IRF3 2SA mutant. Coexpression of AMPKa1 or activation
of AMPK by 2-DG and AICAR profoundly enhanced this association (H), while TBK1 S511A and S511D showed opposite effects in IRF3 interaction (1).

(J) The transient interaction between endogenous IRF3 and stably expressed TBK1 was unexpectedly detected in the presence of AICAR.

(K) AMPKa1 coexpression facilitated the interaction between TBK1 and STING while failing to enhance the interaction between STING and IKKGe.

(L) cGAMP-induced assembly of the endogenous STING signalosome in DLD1 cells was revealed by STING puncta under immunofluorescence, weakened in
TBK1 S511A Kl cells but strengthened in S511D Ki cells. Scale bars, 20 pm.

See also Figure S5.
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high evolutionary conservation. Besides, we observed a physio-
logical phenomenon that is highly intriguing: a rapid and dra-
matic drop in blood glucose levels upon the early stage of viral
infection. The findings demonstrate the importance of a regu-
lated glucose deficiency in innate immunity.

As the ancestral role of AMPK in glucose sensing,*® AMPK ac-
tivates at the lysosomal surface in response to decreasing
glucose levels through the interplay between aldolase and the
v-ATPase-Ragulator complex.®®®" Undoubtedly, the AMPK-
TBK1 axis adds a crucial role of AMPK in innate immunity,
beyond its classical roles in glucose and lipid metabolism, pro-
tein synthesis, autophagy, and mitochondrial physiology.*® The
observations also change our prevailing view of metabolic inte-
gration in innate immunity and host-pathogen interactions.
Because the imbalance in innate nucleic acid sensing is a leading
cause of autoimmune and autoinflammatory diseases,®*** the
involvement of glucose deficiency and AMPK in these conditions
is worth further investigation.

Notably, we observed a rapid and dramatic drop in blood
glucose levels in various species of rodents upon the early stage
of viral infection, demonstrating a physiological but previously un-
appreciated link between microbial sensing and glucose sensing.
The drop in blood glucose level and activation of AMPK in mice
was very rapid, in sharp distinction to the slow alteration of blood
glucose levels caused by food intake during long-term 1AV infec-
tion,”® which might represent an acute versus long-term phase
of physiological responses upon viral infection. Dramatic alteration
in blood glucose levels is viral nucleic acid dependence and
humoral immunity independence and might involve the complex
interactions between PRRs and the nervous system7O and the
role of TBK1 in cellular glycolysis,®®®° but undetermined yet.

Pathogenic nucleic acids from the invading microbes or
injured cellular organelles are sensed in the cytosol by RIG-I-
like receptors and cGAS.?* TBK1 is central during the assembly
and activation of MAVS and STING signalosomes and the trans-
mission of invasion signal to IRF3, assumed to be activated by
transphosphorylation at S172 and sequentially phosphorylates
MAVS/STING and IRF3.>'819858 \We reveal that AMPK is
associated with TBK1 during its activation and directly phos-
phorylates TBK1 at S511. Simulating this exact AMPK-mediated
phosphorylation on S511 in cells or animals caused TBK1 to
tether with IRF3 with an extremely high affinity. By contrast, ge-
netic or pharmacologic targeting of AMPK or point mutagenesis
of TBK1 S511 by knockin strategies attenuates both STING and
MAVS signalosomes, leading to a substantial loss of IRF3 activa-
tion. A recent report indicates an AMPK-ULK1-TBK1 axis that
ULK1 phosphorylates TBK1 at S172 residue in adipocytes,®®
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which differs from our observation in innate immune systems.
Knockin strategies in TBK1, point mutagenesis of AMPK
substrate motif, genetic or pharmacological ablation of ULK1/2
kinases, and in vitro kinase assays all suggest a direct AMPK-
TBK1 axis by which AMPK directly phosphorylates TBK1 at
S511, independent of ULK kinases. Intriguingly, we noticed a
dramatic difference in phosphorylation between TBK1 S510
(by AKT1) and S511 (by AMPK), which has distinct effects
on the phosphorylation at proximal residues. For instance, phos-
pho-TBK1 S499 is severely suppressed by AKT1%* but substan-
tially enhanced by AMPK. The suppression of AKT1 activity in-
creases TBK1 S511 phosphorylation (Figure S4E and Wu
et al.*’), implying an opposing role of AKT1 and AMPK on
TBK1. These observations reflect a molecular switching role of
this TBK1 phosphorylation-rich motif (PRM) segment, controlled
by subtle modifications and possible regulator binding. Howev-
er, it is currently unknown how this specific interface in the TBK1
coiled-coil domain 1 (CCD1) participates in IRF3 recruitment.
Recent structural studies on the STING-TBK1 complex'®:%5:87
suggest the PRM is located at a long « helix and short loop,
which may comprise a potential interaction interface between
the TBK1 dimers, or with other regulators.

Identifying various AMPK substrates by decoding the AMPK
substrate motif has significantly expanded our knowledge about
this central controller of metabolism.””"® Profoundly, the amino
acid sequence of TBK1 proximal to S511 perfectly matched the
classic AMPK substrate motif, including the hydrophobic resi-
dues at —5 (L) and +4 (I) and a basic residue at —3 or —4 (R),
and a polar side chain at +3 (T) and a neutral polar residue at
—2 (S), important in substrate recognition and modification.””
Furthermore, the AMPK substrate motif features on TBK1 are
highly evolutionarily conserved among almost all vertebrates.
Conversely, the S510 residue in the PRM segment is the one
for AKT1 modification®” instead of AMPK, lacking all the essen-
tial features for the AMPK substrate motif except a basic residue
at —3 (R). We detected a robust signal for AMPK-directed modi-
fication at S511 via mass spectrometry analyses and with an
antibody explicitly targeting the phosphorylated residue in cells,
in vitro, and endogenous TBK1 upon AMPK activation. Collec-
tively, these consistent observations identify TBK1 as a direct
and physiological substrate of AMPK. As the central kinase in
innate immunity and cellular stress response,® TBK1 probably
also regulates the activities of AMPK and mTOR®%®® and in a
context-dependent manner, which may form feedbacks to con-
trol the innate immune signaling pathways.

In conclusion, our study reveals a critical role of AMPK-medi-
ated TBK1 phosphorylation at S511 to prime the glucose-scaled

Figure 6. AMPK facilitates cellular antiviral defense

(A) Cellular resistance to the GFP-tagged RNA virus VSV was assessed by microscopy (top) or FACS (bottom) in cells with viral replication (GFP* cells), revealing

impaired antiviral resistance in MEFs without AMPKa.1/.2. Scale bars, 100 um.

(B and C) gRNA-mediated deletion/depletion of AMPK (B) or Compound C treatment (C) weakened antiviral resistance of HCT116 cells and BMDMs. Scale

bars, 100 pm.

(D) Activation of AMPK by AICAR, 991, or metformin improved cellular resistance of DLD1 to the RNA virus VSV, as revealed by microscopy and FACS. Scale

bars, 100 pm.

(E) gRNA-mediated knockout/knockdown of AMPKa1/0.2 in DLD1 cells decreased their antiviral resistance against HSV-1. Scale bars, 100 um.
(F) Antiviral resistance against VSV or HSV-1 was dampened in cells with disruption of the AMPK-TBK1 axis (TBK1 S511A Ki). Scale bars, 100 um.

See also Figure S6.
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immune response, thus connecting glucose metabolism to
innate immunity in a direct and elegant pathway. We suggest
that AMPK activation, caused by a physiological response to
the early stage of viral infection, dictates the magnitude of innate
antiviral immunity. Therefore, the pharmacological manipulation
of AMPK, which looks feasible, may offer potential therapeutic
benefits for treating infectious diseases.

Limitations of the study

Although our data report a rapid and dramatic drop in blood
glucose, the underlying mechanism of this alteration and the pre-
cise glucose level within various tissues are undetermined. This
report also remains unanswered about how this AMPK-TBK1
axis impacts other physiological events mediated by MAVS and
STING, such as autoimmune diseases and cancer immunology.
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Figure 7. The AMPK-TBK1 axis is critical for antiviral immunity

(A) gVSV was microinjected into the yolks of zebrafish embryos (48 hpf) to elicit a robust viral infection state, which eventually led to the death of zebrafish embryos
starting at 24-30 hpi. Antiviral immunity against VSV infection was evaluated in embryos upon AICAR treatment. *** p < 0.001, by log-rank test.

(B-D) Corneal HSV-1 infection in BALB/c mice was performed, and the severity of ocular disease symptoms such as eyelid swelling, eye closure, and eye crusting
are shown in representative images (B) and was assessed by disease scoring (C), with or without AICAR administration. RT-qPCR was performed to detect HSV-1
viral mRNA in the eyeballs of sacrificed mice at 6 dpi.

(E) VSV challenges in mice with conditional knockout of AMPKa.1/42 in the myeloid line (Lyz®") revealed enhanced replications of VSV and compromised antiviral
responses in PBMCs, as revealed by the mRNA expression ISGs and viral genome.

(F and G) PMs isolated from TBK1S%11E/S511E o TR 1 SSTIA/SSTIA K| mice exhibited an enhanced or attenuated activation of endogenous TBK1 and IRF3 upon SeV
infection, respectively.

(H-J) PMs of TBK1S511E/S5T1E K| mice exhibited increases in ISGs mRNA expression in response to HSV-1 infection (H) or mitochondrial DNAs (mtDNAs) leaking
(1), in contradiction to TBK1S511A/SS11A pyig (),

(K and L) Replicates of HSV-1 (K) or VSV (L) were substantially lower when infected in PMs from TBK1S511&/S511E K| mice, in contrast to PMs from WT or
TBK1SS1ASSTIA K| mice.

(M and N) Corneal HSV-1 infection in WT or TBK1S511&/S511E K| mjce indicated reduced viral loads in TBK1S°11E/S811E K| mice in the eyelids at 6 dpi (M) and less
severity of ocular disease symptoms (N).

See also Figure S7.
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Abcam

BD Bioscience
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Cat#H9658; RRID: AB_260092
Cat#A5441; RRID: AB_476744

Cat#ab181125; RRID:AB_2916053

Cat#610822; RRID:AB_398141

Rabbit polyclonal anti-TBK1 (phospho S511) This paper N/A
Bacterial and virus strains

GFP-tagged Vesicular Stomatitis Virus (VSV) Zhijian J. Chen N/A

Sendai Virus (SeV) Charles River laboratories Cat#VR-907
Mammalian Orthoreovirus (MRV) Yaowei Huang N/A

Swine Acute Diarrhea Syndrome Yaowei Huang N/A
Coronavirus (SADS-CoV)

GFP tagged recombination adenovirus Ad5-GFP Yaowei Huang N/A

Herpes Simplex Virus-1 (HSV-1) Zhengfan Jiang N/A

GFP and Luciferase double-tagged Jiahuai Han N/A

Herpes Simplex Virus-1 (HSV-1)

(Continued on next page)

Molecular Cell 82, 1-18.e1-e7, December 1, 2022 el




(2022), https://doi.org/10.1016/j.molcel.2022.10.026

Please cite this article in press as: Zhang et al., AMPK directly phosphorylates TBK1 to integrate glucose sensing into innate immunity, Molecular Cell

¢ CelPress Molecular Cell
Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Poly (I:C) LMW Invivogen Catitlrl-picw

cGAMP Invivogen Cattttlrl-nacga23-02

poly (dA:dT) Invivogen Catittlrl-patn

Lipofectamine RNAIMAX Invitrogen Cat#13778-150

Rapamycin Selleck S1039; CAS: 53123-88-9
SBI-0206965 Selleck S7885; CAS: 1884220-36-3
Compound C Selleck S7306; CAS: 1219168-18-9
AICAR Selleck S7885; CAS: 1884220-36-3
991 Selleck S8654; CAS: 1219739-36-2
MRT68921 Selleck S7949; CAS: 2070014-87-6
A-769662 Selleck S2697; CAS: 844499-71-4
ABT-737 Selleck S1002; CAS: 852808-04-9
qVD-OPH Selleck S7311; CAS: 1135695-98-5
S63845 Selleck S8383; CAS: 1799633-27-4
MK2206 Selleck S1078; CAS: 1032350-13-2
2-DG Sangon Biotech AB02241; CAS: 154-17-6

Doxycycline hydrochloride

Sangon Biotech

A600889; CAS: 24390-14-5

Hydroxyurea (HU) Sigma-Aldrich H8627; CAS: 127-07-1
Metformin Sigma-Aldrich PHR1084; CAS: 1115-70-4
D-(+)-Glucose Sigma-Aldrich G5146; CAS: 50-99-7
Puromycin Dihydrochloride Yeasen 60210ES25; CAS: 58-58-2
G418 Sulfate(Geneticin) Yeasen 60220ES03; CAS: 108321-42-2
Critical commercial assays

QuikChange Site-Directed Mutagenesis Kit Stratagene Cat#200519

Q5® High-Fidelity 2X Master Mix NEW ENGLAND BiolLabs Cat#M0492L

KOD Hot Start DNA Polymerase Merck Milipore Cat#71086
Dual-Luciferase Reporter Assay System Promega Cat#E1910

AxyPrep Multisource Total RNA Miniprep Kit Axygen Cat#AP-MN-MS-RNA-50
All-in-One cDNA Synthesis SuperMix Bimake Cat#24408

EvaGreen qPCR MasterMix Abm Cat#MasterMix-R
Deposited data

The mass spectrometry proteomics This paper PXD033926

data of TBK1 modifications by AMPKa.1

Original data in Mendeley Data This paper https://doi.org/10.17632/mp29sk7v29.2
Experimental models: Cell lines

HEK293T ATCC Cat#CRL-3216

HCT116 ATCC Cat#CCL-247

DLD1 ATCC Cat#CCL-221

MEFs ATCC Cat#CF-1

Peritoneal Macrophages This paper N/A

Intestinal organoids This paper N/A

Experimental models: Organisms/strains

Mouse: TBK1S%11E/S511E G578 /6 knock-in mice GemPharmatech N/A

Mouse: Dnm1[S5114/S511A C57B| /6 knock-in mice GemPharmatech N/A

Mouse: AMPKAR-EV mice From Dr. Michiyuki Matsuda N/A

Mouse: AMPKa1/a2F°%+ Lyz°™ mice From Dr. Shengcai Lin N/A

Zebrafish: zebrafish AB wild-type From Dr. Jian Zou N/A
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Mouse: C57BL/6 mice wild-type SLAC Laboratory Animal N/A
Mouse: BALB/c mice wild-type SLAC Laboratory Animal N/A

Oligonucleotides

See Table S1 for the List of Oligos This paper N/A
for RT-gPCR and sgRNA

Recombinant DNA

See Table S2 for the List of Recombinant DNA This paper N/A

Software and algorithms

GraphPad Prism 8.0 GraphPad https://www.graphpad.com/
scientific-software/prism/

Origin 9.0 OriginLab https://www.originlab.com/
index.aspx?go=PRODUCTS/Origin

Image-Pro Plus 6.0 Media Cybernetics https://www.mediacy.com/imageproplus

ImagedJ ImagedJ https://imagej.nih.gov/ij/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Pinglong
Xu (xupl@zju.edu.cn).

Materials availability
Pinglong Xu is responsible for all reagent and resource requests. Please contact Pinglong Xu (xupl@zju.edu.cn) with requests and
inquiries.

Data and code availability
The mass spectrometry proteomics data have been deposited at ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the iProX partner repository’ with the dataset identifier PXD033926 and are publicly available as of the
date of publication. Accession number is listed in the key resources table. Original data of western blot images and statistics source
data of the manuscript have been deposited at Mendeley data (https://doi.org/10.17632/mp29sk7v29.2) and are publicly available as
of the date of publication. Microscopy data reported in this paper will be shared by the lead contact upon request.

No original code has been generated in this study.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
TBK1 S511E and TBK1 S511A transgenic mice were on C57BL/6 background, and both male and female littermates were used in all
the experiments. GemPharmatech generated TBK1 Knock-in transgenic C57BL/6 mice. To create point mutations (S511E, S511A) at
mouse Tbk1 locus by CRISPR/Cas9-mediated genome engineering,®® Tbk1 S511E (TCT to GAA), and Tbk1 S511A (TCT to GCC)
specific sgRNA oligos were designed by the CRISPR website (http://crispr.mit.edu/) targeting sequence at S511 locus (5’- TTCTAT
TGTTCCCTGAGAAC -3) and (5’- ATTTAGCTTTCCAGTTCTCA -3’), with S511E oligo donor sequence (5’- CATITTGG
ATCTGATCCGTTGTTCTGACCTAACCTAACCCGTTGTATTTAGCTTTCCAGCGAACAGGGAACAATAGAAAGCAGTCTTCAGGACA
TCAGCAGCAGGCTGTCTCCAGGGGGCT -3’) and S511A oligo donor sequence (5’- CATTTGGATCTGATCCGTTGTTCTGACC
TAACCTA ACCCGTTGTATTTAGCTTTCCAGCGCCCAGGGAACAATAGAAAGCAGTCTTCAGGACATCAGCAGCAGGCTGTCTCC
AGGGGGCT -3’). Cas9 mRNA and sgRNA generated by in vitro transcription and donor oligo were co-injected into fertilized eggs
for knock-in mouse production. The target region of the mouse Tbk1 locus was sequenced to confirm targeting. The AMPKAR-
EV transgenic mice, in which real-time AMPK activity can be observed via in vivo imaging with two-photon excitation microscopy,
were described previously.”” The AMPKa1/a27°%+ Lyz®" mice, in which the AMPKa1/2.2 subunits were double knockout in a myeloid
line, were obtained by crossing the AMPKa.1/6:2F°% mice®® with the Lyz®"™ line.

Male 6-8 weeks old wild-type BALB/c mice and LVG hamsters were purchased from SLAC Laboratory Animal for the murine virus
infection. Zebrafish AB wild-type embryos (male/female) were raised at 28.5°C in E3 egg water.
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All the animals were bred and maintained in a pathogen-free animal facility at the laboratory animal center of Zhejiang University.
The care of experimental animals was approved by the Zhejiang University committee and followed Zhejiang University guidelines.

Zebrafish
Zebrafish AB wild-type embryos (male/female) were raised at 28.5°C in E3 egg water. The care of experimental animals was
approved by the Zhejiang University committee and followed Zhejiang University guidelines.

Peritoneal Macrophages

Peritoneal macrophages were isolated from C57BL/6 mice at 6-8 weeks of age with the Brewer thioglycollate medium (Sigma-
Aldrich)-induced approach. Three days after intraperitoneal injection of 2.5 mL of 3% thioglycollate medium, peritoneal macrophages
were isolated and cultured in RPMI 1640 medium.

Cell Lines

HEK293, HCT116, DLD1, and MEFs cells were from ATCC. No cell lines used in this study were found in the database of commonly
misidentified cell lines maintained by ICLAC and NCBI Biosample. Cell lines were frequently checked in morphology under micro-
scopy and tested for mycoplasma contamination but were not authenticated. All cell lines, except for peritoneal macrophages
that were maintained in RPMI 1640 medium, were cultured in DMEM medium with 10% fetal bovine serum (FBS) at 37°C in 5%
COy (V/V).

The TBK1 inducible expressing DLD1 cells were generated by the lentiviral vector infection containing an inducible Tet-On system
(Sigma) followed by the open read frame (ORF) of TBK1 and selected by G418 antibiotic at a concentration of 1500 ug mL™" for one
week. DLD1 cells and MEFs with stable expressing AMPKa1 were generated with the lentiviral vector pBobi followed by the ORF of
AMPKa1 and selected by puromycin at a concentration of 1 pg ml™ for three days.

Intestinal Organoids

Isolated small intestines were opened longitudinally, washed three times with cold PBS, removed the villi by scraping, and incubated
twice in cold PBS with 2 mM EDTA for 15 min on ice. After removing the EDTA medium, the fractions were incubated in 50 mL cold
PBS with a fierce shake and passed through a 70-um cell strainer (BD Bioscience) to remove the residual villous material. Isolated
crypts were centrifuged at 300 g for 5 min to separate the crypts with single cells. The centrifuged fractions were suspended and
cultured in Matrigel with medium (Advanced DMEM/F12 supplemented with penicillin/streptomycin, 10 mM HEPES, Glutamax,
13N2, 13B27 (all from Invitrogen), and 1mM N-acetylcysteine (Sigma) containing growth factors 50 ng mL™' EGF, 100 ng mL™" noggin,
1mg mL™" R-spondin). The organoid formation was observed and analyzed every day after plating.

Viruses

SeV was produced by inoculating the virus into the chorioallantoic sac of 9 to 11-day-old embryonated SPF chicken eggs. High titer
stocks of VSV, HSV-1, MRV, Ad5-GFP, and SADS-CoV were produced in BHK-21 cells by using seed stocks. All the viruses were
stocked at -80°C.

METHOD DETAILS

Expression Plasmids, Viruses, Reagents, and Antibodies

Expression plasmids encoding Flag-, Myc-, or HA-tagged wild-type or mutations, or the truncations of human MAVS, STING,
caRIG-1, TBK1, IKKe, IRF3, K48-Ub, and the reporters of IFNB_Luc and 5xISRE_Luc have been described previously.*®*? ORFs
of AMPKa1, AMPKa2, AMPKB2, AMPKy2, AMPKy3, ULK1 and AKT1 were obtained from Invitrogen ORF Lite Clone Collection
cDNA library by PCR, and Flag- or HA-tagged human AMPKa1, AMPKa2, ULK1 and AKT1 were constructed using the pRK5
mammalian expression vector. Truncations of AMPKa1, including a.a. 1-280, 281-559, 1-385, 386-559, and site-directed mutagen-
esis about TBK1 S511A/D/E, TBK1 S510A/D, and AMPKa1 T172D were generated by PCR-based cloning performed by a kit from
Stratagene. All coding sequences were verified by DNA sequencing, and the detailed information for construction was provided in the
attached Table S2 and upon requirement.

The GFP and Luciferase double-tagged HSV-1 was gifted from Dr. Jiahuai Han (Xiamen University, Xiamen), GFP-tagged HSV-1 was
gifted from Dr. Zhengfan Jiang (Beijing University, Beijing), GFP-tagged VSV was gifted from Dr. Zhijian J. Chen (UT Southwestern Med-
ical Center, Dallas), and Sendai virus (Cantell strain) was from Charles River Laboratories. Mammalian orthoreovirus MRV, SADS-CoV,
and GFP tagged recombination adenovirus Ad5-GFP was by the laboratory of Dr. Yao-Wei Huang (Zhejiang University, Hangzhou). The
pharmacological reagents Rapamycin (Selleck), SBI-0206965 (Selleck), Compound C (Selleck), AICAR (Selleck), 991 (Selleck),
MRT68921 (Selleck), A-769662 (Selleck), ABT-737 (Selleck), qVD-OPH (Selleck), S63845 (Selleck), MK2206 (Selleck), Doxycycline (San-
gon Biotech), 2-DG (Sangon Biotech), cGAMP (Invivogen), poly(l:C) (Invivogen), poly (dA:dT) (Invivogen), puromycin (Yeasen), G418 (Yea-
sen), Hydroxyurea (HU) (Sigma), and Metformin (Sigma) were purchased and used according to manual instructions.

The monoclonal anti-TBK1 (3504S, 1:5,000 dilution), anti-pTBK1(S172) (5483S, 1:3,000 dilution), anti-IRF3 (4302S, 1:2,000 dilu-
tion), anti-pIRF3 (S396) (4947S, 1:5,000 dilution), anti-pSTAT1 (S727) (8826, 1:1,000 dilution), anti-STAT1 (14994, 1:1,000 dilution),
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anti-AMPKa (5831S, 1:1,000 dilution), anti-pAMPKa (T172) (500818, 1:1,000 dilution), anti-S6K (2708S, 1:1,000 dilution), anti-pS6K
(T389) (97596S, 1:1,000 dilution), anti-pULK1 (S555) (5869S, 1:1,000 dilution), anti-ULK1 (8054, 1:1,000 dilution), anti-pACC (S79)
(3661S, 1:1,000 dilution), anti-ACC (3676S, 1:1,000 dilution), anti-pRaptor (S792) (2083, 1:1,000 dilution), anti-Raptor (2280,
1:1,000 dilution), anti-pAtg13 (S355) (46329, 1:1,000 dilution), anti-Atg13 (13273, 1:1,000 dilution), anti-FIP200 (12436, 1:1,000 dilu-
tion), anti-RIG-I (3743S, 1:1,000 dilution), anti-Myc (2276S, 1:3,000 dilution), and anti-HA (3724S, 1:5,000 dilution) antibodies were
purchased from Cell Signaling Technology. The anti-pIRF3 (S386) (ab76493, 1:3,000 dilution), anti-STING (ab181125, 1:100 dilution)
were purchased from Abcam, and the anti-a-tubulin (T6199, 1:10,000 dilution), anti-B-actin (A5441, 1:10,000 dilution), anti-HA
(H9658, 1:200 dilution), and anti-Flag (M2) (F3165, 1:5,000 dilution) were purchased from Sigma. The anti-GM130 (610822,
1:2,000 dilution) was purchased from BD Bioscience. The anti-rabbit IgG, and anti-mouse IgG antibodies were purchased from Santa
Cruz. The anti-pTBK1 (S511) was generated in collaboration with Abcam, targeting the phospho-TBK1 S511.

Plasmids Transfection and Virus Infection of Cultured Cells

Lipofectamine 3000 (Invitrogen), Polyethyleneimine (PEI, Polysciences), or Lipofectamine RNAIMAX (Invitrogen) transfection re-

agents were used for the transfection of plasmids, poly(dA:dT), and poly(l:C). Digitonin (Sigma) was used for cGAMP inducing.
The infection of SeV, VSV, Ad5-GFP or HSV-1 was as previously described.”®"° Briefly, viruses with the indicated amount (0.5 - 5

moi) were added into the fresh and serum-free medium, and cells were incubated at 37°C in 5% CO, (v/v) for 1 hour, shaking mildly

every 15 minutes. The virus-containing medium was replaced by a fresh medium containing 10% FBS.

CRISPR/Cas9-mediated Generation of AMPKa1/a27, ULK1/27/~, FIP200”~ and TBK1 Knock-in Cells

Guide RNA sequences targeting AMPKa1 and 22 mRNA sequence (hAMPKal1, 5’- AAAGTTTGAGTGCTCAGAAG -3’, 5'-
GTGATGGAATATGTCTCAGG -3’; hAMPKo2, 5’- TCAATTAACAGGCCATAAAG -3’, 5’- GTTATTTAAGAAGATCCGAG -3’), ULK1
and ULK2 mRNA sequence (hULK1, 5- GGTCTTCGGGAAGTCAAAGG -3’, hULK2, 5’- GTAAGGCCTAGAAGACCCAG -3),
FIP200 mRNA sequence (hFIP200, 5’- AGGAGAGAGCACCAGTTCAG -3’), TBK1 S511A/D knock-in mRNA sequence (hTBK1, 5’-
TATTTAGCTTTCCAGTTCTC -3’, 5°- TTCTATTGTTCCCTGAGAAC -3’) were used to clone the genes into the vector pgRNA, which
were transfected into DLD1 cells by LipofectAmine 3000, together with the pCas9-2A-GFP plasmid, or with pCas9-2A-GFP and
pMD18 in the case of TBK1 S511A/D knock-in generation.®® Thirty-six hours after transfection, cells with green fluorescence
were sorted with a Flow Cytometer (BD FACS Aria ll) and propagated. Clones were identified by immunoblotting with anti-AMPKa
or the sequencing of the genomic PCR products. All gRNAs used in the experiments were also attached in Table S1.

Luciferase Reporter Assay

HEK?293 cells were transfected with indicated reporters (100 ng) bearing an open read frame (ORF) coding Firefly luciferase, along
with the pRL-Luc with Renilla luciferase coding as the internal control for transfection and other expression vectors specified in
the results section. In brief, after 24 hours post-transfection, cells were lysed by passive lysis buffer (Promega), and luciferase assays
were performed using a dual luciferase assay kit (Promega), quantified with POLARstar Omega (BMG Labtech), and normalized to the
internal Renilla luciferase control.

Quantitative RT-PCR Assay
The PMs, DLD1, HCT116 cells, and intestinal organoid stimulated with cGAMP, AQS, poly (I:C), VSV, SeV, HSV-1, and Hydroxyurea
(HU) were lysed, and total RNA was extracted using an RNAeasy extraction kit (Axygen). cDNA was generated by a one-step iScript
cDNA synthesis kit (Vazyme), and quantitative real-time PCR was performed using the EvaGreen Qpcr MasterMix (Abm) and CFX96
real-time PCR system (Bio-Rad). Relative quantification was expressed as 2", where C; is the difference between the primary C;
value of triplicates of the sample and an endogenous L19 or GAPDH mRNA control. The human, mouse or zebrafish primer se-
quences used are listed in the following:

hIFIT1, 5’- TTGATGACGATGAAATGCCTGA -3’, 5- CAGGTCACCAGACTCCTCAC -3’; hIFIT2, 5’- GACACGGTTAAAGTGT
GGAGG -3’, 5’- TCCAGACGGTAGCTTGCTATT -3’; hCXCL10, 5’- GTGGCATTCAAGGAGTACCTC -3’, 5’- TGATGGCCTTC
GATTCTGGATT -3’; hIFNB1, 5’- ATGACCAACAAGTGTCTCCTCC -3’, 5’- GGAATCCAAGCAAGTTGTAGCTC-3’; hISG15, 5'-
CGCAGATCACCCAGAAGATCG -3’, 5'- TTCGTCGCATTTGTCCACCA -3’; mIFNB1, 5’- CAGCTCCAAGAAAGGACGAAC -3, 5’-
GGCAGTGTAACTCTTCTGCAT -3’; mIRF7, 5’- GAGACTGGCTATTGGGGGAG -3’, 5’- GACCGAAATGCTTCCAGGG -3’; mIFIT1,
5’- CTGAGATGTCACTTCACATGGAA -3’, 5- GTGCATCCCCAATGGGTTCT -3’; mlFIT2, 5- AGTACAACGAGTAAGGA
GTCACT -3’, 5’- AGGCCAGTATGTTGCACATGG -3’; mISG15, 5’- GGTGTCCGTGACTAACTCCAT -3’, 5'- TGGAAAGGGTAA
GACCGTCCT -3’; mTNFa, 5’- CCCTCACACTCAGATCATCTTCT -3’, 5’- GCTACGACGTGGGCTACAG -3’; IFNphi1, 5’- CTGCAGAG
TCAAAGCTCTGCGTCTAC -3’, 5’- CTTGTCCATCAAGGTGTACAAGCGG -3’; IFNphi4, 5’- GACAATGAGGACCTCAACCCCATCC
-3’, 5’- GGGAACAAGTGCATCGTCGAAGAGG -3’; zebrafish IRF7, 5’- GTACGAGGGTTTGAGCATGATAGGC -3’, 5°- GTTGATCTT
GCCGCTGACTATAGCC -3’, RPL19, 5’-ATGTATCACAGCCTGTACCTG -3’, 5’- TTCTTGGTCTCTTCCTCCTTG -3’; HSV-1, 5'-
GGCCTGGCTATCCGGAGA -3’, 5’- GCGCAGAGACATCGCGA -3’, VSV, 5’- ACGGCGTACTTCCAGATGG -3, 5’- CTCGGTTC
AAGATCCAGGT -3’. All primers used in the gqRT-PCR assay were also attached in Table S1.
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Coimmunoprecipitations and Immunoblottings

HEK293, PMs, MEF, HCT116, or DLD1 cells were stimulated with cGAMP, poly (I:C), and poly (dA:dT), infected with VSV, HSV-1,
and SeV, or transfected with specified plasmids encoding Myc-, Flag-, or HA-tagged AMPKa1, AMPKa2, caRIG-I, MAVS,
TBK1s, IKKe, IRF3s, and STING was lysed using the modified MLB lysis buffer (20 mM Tris-Cl, 200 mM NaCl, 10 mM NaF, 1 mM
NaV,04, 1% NP-40, 20 mM B-glycerophosphate, and protease inhibitor, pH 7.5).%? Cell lysates were then subjected to immunopre-
cipitation using the antibodies of anti-Flag (Sigma, F3165-5MG, 1:200 dilution), anti-Myc (CST, 2276S, 1:200 dilution), or anti-HA
(Sigma, H9658, 1:200 dilution) for transfected or induced proteins. After 3-4 washes with the MLB, adsorbed proteins were resolved
by SDS-PAGE (Bio-Rad) and immunoblotting with the indicated antibodies. Cell lysates were also analyzed using SDS-PAGE and
immunoblotting to control the protein abundance.

In vitro Kinase Assay

HEK293 cells were transfected with plasmids encoding Flag-, Myc-, or HA-tagged TBK1s or AMPKa and lysed by the modified MLB
lysis buffer after 24 hours of transfection. Immunoprecipitations were performed by using with anti-Flag (Sigma, F3165-5MG, 1:200
dilution), anti-Myc (2276S, 1:200 dilution), or anti-HA (CST, 3724S, 1:200 dilution) antibodies. With two washes by the MLB and two
washes by the kinase assay buffer (200 uM ATP, 200 uM AMP, 20 mM Tris-HCI, 1 mM EGTA, 5 mM MgCl,, 0.02% 2-mercapto-
Ethanol, 0.03% Brij-35, and 0.2 mg mL™" BSA, PH 7.4), immunoprecipitated TBK1s and AMPKa1 were incubated in the kinase assay
buffer at 30°C for 60 min on THERMO-SHAKER (1400 rpm/min), in the presence of 20 uM ATP (Abcam). The reaction was stopped by
adding 2 x SDS loading buffer and subjected to SDS-PAGE and specified immunoblotting.

Immunofluorescence, Microscopy, and FACS

DLD1 cells were treated with cGAMP for 2-4 hours before harvest, fixed in 4% paraformaldehyde, blocked in 10% horse serum in
PBS for 2 hours, and incubated sequentially with primary antibodies anti-GM130 (BD, 610822, 1:2000 dilution) or anti-STING (Abcam,
ab181125, 1:200 dilution) and Alexa-labeled secondary antibodies (Jackson, 111-095-003; 115-095-003; 111-025-003; 115-025-
003, 1:500 dilution) with extensive washing. Slides were stained with DAPI (Santa Cruz Biotech) and mounted with ProLong™
Gold antifade reagent (Invitrogen). Immunofluorescence images were obtained and analyzed using the Nikon Eclipse Ti inverted mi-
croscope or the Zeiss LSM710 confocal microscope. FACS analyses of GFP* cells were performed at BD FACSCalibur or Beckman
CytoFlex, according to the manufacturer’s manual.

VSV Challenge in Zebrafish

Zebrafish embryos were microinjected with gVSV virus (1 x 10° pfu per embryo) in the yolk at 48 hours post-fertilization (hpf) and
treated with or without AICAR (500 uM) or Compound C (10 uM). The infection and death ratio of injected embryos were recorded
at the desired stages, and infection was confirmed by GFP expression that was integrated into the viral genome. In a parallel exper-
iment, the desired tissue samples were homogenized after 24 hpi and subjected to RNA extraction and gRT-PCR assays to detect
cytokines’ expression, including IFN¢1, IFN¢4, and IRF7. Meanwhile, the desired tissue samples were homogenized and lysed in the
MLB to detect the activation of AMPK by immunoblotting.

Blood Glucose Level Measurement and Viral Challenge in Mice

To measure the survival of mice with viral challenges and upon the addition of D-(+)-glucose (Sigma-Aldrich G5146), eight-week-old
C57BL/6 wild-type mice were tail intravenously injected with gVSV by a dose of 2x 107 pfu per gram of animal weight and were per os
(P.O.) gavage three times with saline (mock) or glucose (6 g/kg) every 6 hours, starting at 0 hpi. At 12 hpi, mice were supplemented
with drinking water containing 20% glucose. For the food gavage experiment, as specified in the results section, mice were gavage
an equivalent of one kilocalorie of the indicated substance (Abbott Promote) twice a day to provide nutrition and maintain euglycemia.

For the antiviral response experiments, eight-week-old AMPKo1/027°+LyzC™~ and AMPKa1/02°%+Lyz°"* mice were tail intra-
venously injected with gVSV by a dose of 1x107 pfu per gram of animal weight. Mice were sacrificed at 12 hpi, and the PBMCs were
isolated from the animal blood using Percoll (Sigma). The mRNA level of VSV and the expression of ISGs were analyzed and quan-
tified by gRT-PCR to determine the influence of AMPK on the antiviral responses.

For virus infection and blood glucose level measurement, mice were starved for 2 hours, and a drop of blood was collected by
snipping the very end of the tail and analyzed in a VivaChek Ino strip, which was counted using the VivaChek Ino glucometer to mea-
sure the blood glucose levels. Mice were injected intravenously with viruses gVSV and HSV-1, or with the gavage of viruses MRV and
SADS-CoV. The glucose levels in murine blood were measured at the indicated time by the VivaChek Ino glucometer.

Murine Corneal HSV-1 Infection

The BALB/c or CL57B/6 mice at four- to six-week-old were infected on the right eyes with 1x10° pfu of HSV-1 and left eyes with
DMEM without epithelial debridement. At 1 dpi, PBS containing DMSO (mock) or AICAR (2 mM) was topically applied to both eyes
once a day. Two observers performed ocular disease scoring (0-5, 5 being severe) in a blinded fashion based on the following
scoring system: 0-no symptoms, 1-mild symptoms with < 20% eyelid shut, 2-moderate symptoms with 20 - 50% shut,
3-moderate symptoms with 50 - 80% shut, 4-severe symptoms with > 80% shut, 5-eye completely shut with crusting. Mice
were sacrificed at 6 dpi, and the eyeballs or eyelids were collected for quantitative RT-PCR assay by using the HSV-1 primer
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sequences (5’-GGCCTGGCTATCCGGAGA-3’, 5’'-GCGCAGAGACATCGCGA-3’). Mice were maintained under specific pathogen-
free (SPF) conditions.

Nano-liquid Chromatography/Tandem MS (Nano LC-MS/MS) Analysis

Nano LC/tandem MS analysis for protein identification and characterization and label-free quantification was performed by Phoenix
National Proteomics Core services. Briefly, tryptic peptides were separated on a C18 column and analyzed by LTQ-Orbitrap Velos
(Thermo). Proteins were identified using the National Center for Biotechnology Information search engine against the human or
mouse RefSeq protein databases. The mass spectrometry proteomics data of TBK1 modifications by AMPK have been deposited
to the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the iProX partner repository with the data-
set identifier PXD033926.

CE-MS-based Measurement of AMP, ADP, and ATP

The sample preparation for CE (capillary electrophoresis)-MS was carried out as described previously.?® Briefly, cells at 70-80%
confluence and with specified treatments were rinsed with 5% mannitol solution and instantly frozen in liquid nitrogen, lysed with
methanol containing the internal standards 1 (IS1, Human Metabolome Technologies, H3304-1002, 1:200), which was used to stan-
dardize the metabolite intensity and adjust the migration time. The lysates were mixed with the buffer of chloroform and water, vor-
texed by 20 s, and centrifuged at 15,000 g for 15 min at 4 °C. A 450 pL of the aqueous phase was collected and ultrafiltrated through
an Ultrafree-MC-PLHCC centrifugal filter at 10,000 g for 3h at 4 °C. The ultrafiltrated products were then freeze-dried and dissolved in
100 plL of ultrapure water containing 1S2 (1:200), and a 20 uL of the re-dissolved solution was loaded into an injection vial with a
conical insert for analysis by CE-TOF MS (Agilent Technologies 7100, equipped with 6224 mass spectrometers).

GC-MS-based Measurement of Long-Chain Fatty Acids (LCFAs)

Some 100 pL of mouse serum was instantly mixed with 1 mL of methanol containing 40 ng/mL tridecanoic acid as an internal stan-
dard, followed by 20 s of vortexing. After centrifugation at 15,000 g for 15 min at 4°C, 400 puL of supernatant (aqueous phase) was
freeze-dried at 4°C. The lyophilized sample was then vortexed for 1 min after mixing with 1 mL of freshly prepared 1% H,SO,4 (v/v
in methanol), then incubating at 80°C for 1 h. The esterified products were then extracted by vigorously mixing with 2 mL of hexane
three times at room temperature. The organic (upper) phase was collected and then dried in the nitrogen flow at room temperature.
Before subjecting to GC-MS, the sample was dissolved in 1 ml of hexane, followed by centrifuging at 15,000 g for 10 min, and some
60 pL of supernatant was loaded into an injection vial. GC (gas chromatography) was performed on a CP-Wax 52 CB column (30
m X 0.25 mm i.d., 0.25 pum film thickness) using a 7890B Agilent (Agilent Technologies) instrument fitted with an MS detector
(5977B Agilent). The injector temperature was 260°C. The column oven temperature was initially held at 50°C for 3 min and next
increased firstly to 170°C at the rate of 10°C/min and then to 205°C at the rate of 3°C/min, where it was held for 20 min, subsequently
t0 235°C at the rate of 5°C/min and finally to 250°C at the rate of 10°C/min, where it was held for 3 min. The MSD transfer temperature
was 280°C. The MS quadrupole and source temperature were maintained at 150 and 230°C, respectively. GC mass data were
analyzed using MassHunter software from Agilent Corp.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data are presented as the mean + standard error of the mean (SEM) from at least three independent experiments. When
appropriate, the statistically significant differences between multiple comparisons were analyzed using the one-way or two-way
ANOVA test with Bonferroni correction. Differences were considered significant at p<0.05. All samples were included in the analyses
if preserved and properly processed, and no samples or animals were excluded except for zebrafish with conventional injection dam-
age. No statistical method was used to predetermine sample size, and all experiments except those involving animals were not ran-
domized. Immunoblotting, reporter assays, and gRT-PCR experiments have been repeated a minimum of three times independently
to ensure reproducibility. The investigators were not blinded to allocation during experiments and outcome assessment.

Molecular Cell 82, 1-18.e1-e7, December 1, 2022 €7



http://proteomecentral.proteomexchange.org

	MOLCEL8570_proof.pdf
	AMPK directly phosphorylates TBK1 to integrate glucose sensing into innate immunity
	Introduction
	Results
	Viral infection induces a rapid and dramatic drop in blood glucose levels
	The rapid and sharp drop in blood glucose levels activates AMPK in tissues
	Glucose deficiency magnifies nucleic acid sensing via AMPK
	Nucleic acid sensing-initiated cytokine expression in tissues requires AMPK activity
	Genetic ablation of AMPK attenuates nucleic acid sensing
	TBK1 is a substrate of AMPK modified at a classic substrate motif
	TBK1 phosphorylation by AMPK facilitates antiviral signalosome assembly
	TBK1 phosphorylation by AMPK is crucial for cellular antiviral defense
	The AMPK-TBK1 axis is critical for innate antiviral immunity in zebrafish and mice

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Mice
	Zebrafish
	Peritoneal Macrophages
	Cell Lines
	Intestinal Organoids
	Viruses

	Method details
	Expression Plasmids, Viruses, Reagents, and Antibodies
	Plasmids Transfection and Virus Infection of Cultured Cells
	CRISPR/Cas9-mediated Generation of AMPKα1/α2-/-, ULK1/2-/-, FIP200-/- and TBK1 Knock-in Cells
	Luciferase Reporter Assay
	Quantitative RT-PCR Assay
	Coimmunoprecipitations and Immunoblottings
	In vitro Kinase Assay
	Immunofluorescence, Microscopy, and FACS
	VSV Challenge in Zebrafish
	Blood Glucose Level Measurement and Viral Challenge in Mice
	Murine Corneal HSV-1 Infection
	Nano-liquid Chromatography/Tandem MS (Nano LC-MS/MS) Analysis
	CE-MS-based Measurement of AMP, ADP, and ATP
	GC-MS-based Measurement of Long-Chain Fatty Acids (LCFAs)

	Quantification and statistical analysis




