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In brief

The exact mechanism by which
metformin exerts its anti-inflammatory
effects is still not known. Xian et al. shows
that metformin’s inhibition of ETCCI
blocks ATP-dependent mtDNA synthesis,
cytoplasmic ox-mtDNA generation and
NLRP3 inflammasome activation in
macrophages, independent of AMPK and
NF-kB. By limiting IL-1 production,
metformin blunts pulmonary
inflammation.
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SUMMARY

Acute respiratory distress syndrome (ARDS), an inflammatory condition with high mortality rates, is common
in severe COVID-19, whose risk is reduced by metformin rather than other anti-diabetic medications. Given
evidence of inflammasome assembly in post-mortem COVID-19 lungs, we asked whether and how metformin
inhibits inflammasome activation and exerts its anti-inflammatory effect. We show that metformin inhibited
NLRP3 inflammasome activation and interleukin (IL)-1B production in cultured and alveolar macrophages
along with inflammasome-independent IL-6 secretion, thus attenuating lipopolysaccharide (LPS)- and
SARS-CoV-2-induced ARDS. Metformin blocked LPS-induced ATP-dependent synthesis of the NLRP3
ligand mtDNA independently of AMP-activated protein kinase (AMPK) or NF-kB. Myeloid-specific ablation
of LPS-induced cytidine monophosphate kinase 2 (CMPK2), which is rate limiting for mtDNA synthesis,
reduced ARDS severity without a direct effect on IL-6. Thus, inhibition of ATP and mtDNA synthesis is suffi-

cient for ARDS amelioration.

INTRODUCTION

Acute respiratory distress syndrome (ARDS) is a severe pulmo-
nary inflammatory reaction triggered by respiratory viruses and
bacteria and even physical trauma (Han and Mallampalli,
2015). Recently, ARDS has emerged as a leading cause of death
in ICU hospitalized COVID-19 patients (Tay et al., 2020),
although its COVID-19 related features are described as some-
what different and milder than “typical” ARDS (Li and Ma,
2020). ARDS onset depends on innate immune cells, monocytes,
macrophages, and neutrophils, which propagate uncontrolled
inflammation and tissue injury by secreting interleukin (IL)-1,
IL-18, IL-6, and tumor necrosis factor (TNF) (Han and Mallam-
palli, 2015). Bacterially triggered ARDS is initiated on Toll like re-
ceptor (TLR) engagement, but in sterile or virally induced ARDS,
the inflammatory response is thought to be initiated by the
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NLRP3 inflammasome, which is highly expressed and activated
in myeloid cells that have been primed on TLR engagement by
viral RNA or proteins, such as the SARS-CoV spike protein (Do-
linay et al., 2012; Dosch et al., 2009). Following priming, the
NLRP3 inflammasome, composed of the enzyme caspase-1
(Casp1), the sensor NLRP3, the mitotic kinase NEK7, and the
scaffold protein ASC (Sharif et al., 2019), is activated by damage
associated molecular patterns (DAMPs), e.g., ATP and uric acid
(UA) microcrystals, released by injured epithelial cells (Tschopp
and Schroder, 2010), or the SARS-CoV pore-forming protein
viroporin 3a (Chen et al., 2019). Injured epithelial cells also
release IL-1a, which primes airway macrophages via the same
adaptors used by TLRs, MyD88, and TRIF (Cohen, 2014). Macro-
phage priming stimulates DNA polymerase y (POLy)-mediated
mitochondrial (mt) DNA synthesis, whereas ATP, UA microcrys-
tals, and other DAMPs elicit mitochondrial damage and reactive
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oxygen species (ROS) production (Zhong et al., 2018; Zhou et al.,
2011). Mitochondrial ROS react with newly synthesized mtDNA
to generate oxidized (Ox) mtDNA, which binds to cytoplasmic
NLRP3 and triggers inflammasome assembly and activation
(Shimada et al., 2012; Zhong et al., 2018). Circulating mtDNA is
suggested to be an inflammatory mediator that causes distant
organ damage (Grazioli and Pugin, 2018) and an early indicator
of severe illness and mortality in ARDS (Han and Mallampalli,
2015) and COVID-19 (Scozzi et al., 2020). Other factors that
amplify ARDS (Day et al., 2009) and COVID-19 (Gao et al.,
2021; Richardson et al., 2020; Singh and Khan, 2020; Verma
et al., 2020; Yang et al., 2020a) severity and mortality are old
age and co-morbidities like type 2 diabetes mellitus (T2DM)
and obesity.

Several commonly used drugs, including dexamethasone, sta-
tins, and metformin, are found to reduce COVID-19 severity and
mortality (Bramante et al., 2021; Horby. et al., 2021; Zhang et al.,
2020). While dexamethasone is currently used in COVID-19 treat-
ment, statins and metformin are only described to have a prophy-
lactic effect. In particular, early studies from China have noted
that long-term metformin usage decreased hospital mortality
by 4-fold relative to other anti-diabetic drugs (Li et al., 2020;
Luo et al., 2020) and reduced COVID-19-associated heart failure
and inflammation (Cheng et al., 2020). In a US-based study, met-
formin reduces the odds ratio of COVID-19 death in African Amer-
icans with T2D by 10-fold (Crouse et al., 2021). Extended metfor-
min usage ameliorates other age-related pathologies and
extends lifespan and health span in model organisms (Barzilai
et al., 2016), effects that are unrelated to glycemic control (Valen-
ciaetal.,2017) but may be due to its anti-inflammatory properties
(Barzilai et al., 2016; Marcucci et al., 2020; Pollak, 2017). Pro-
longed use of metformin, but not other anti-diabetic drugs, also
correlates with decreased age-related dementia and neurode-
generative disease incidence in elderly T2DM patients (Campbell
et al., 2018; Markowicz-Piasecka et al., 2017; Shi et al., 2019).
Metformin’s mode of action remains debatable, but most re-
searchers agree that it inhibits oxidative phosphorylation and re-
duces ATP production through interaction with respiratory com-
plex | (ETCCI) or other mitochondrial (mt) electron transport chain
components (Bridges et al., 2014; Pollak, 2017). By increasing
the ADP:ATP ratio, metformin activates AMPK and inhibits the
nutrient sensor mTORC1, reducing hepatic glucose production
(Duca et al., 2015) and enhancing autophagy, a homeostatic
process that limits cell and tissue damage (Salminen and
Kaarniranta, 2012). Autophagy curtails inflammation in part by
eliminating damaged mitochondria and limiting NLRP3 inflam-
masome activation (Sanchez-Lopez et al., 2019; Zhong et al.,
2016). Sustained metformin administration reduces macrophage
NLRP3 inflammasome activation in diabetic individuals and in
non-myeloid cells via an AMP-activated protein kinase (AMPK)-
dependent and poorly defined mechanism (Lee et al., 2013; Li
etal., 2016; Yang et al., 2019). Downstream mediators connect-
ing AMPK to the inflammasome and their role in the response to
metformin have not been investigated. AMPK has also been sug-
gested to inhibit IKK-mediated NF-kB activation in vascular
endothelial cells and cardiomyocytes but the underlying mecha-
nism and its relevance to NLRP3 inflammasome priming remain
obscure (Hattori et al., 2006; Vaez et al., 2016). Metformin has
also been shown to inhibit NF-xB and cytokine induction in glia
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independently of AMPK (Labuzek et al., 2010) and to ameliorate
air-pollution-induced thrombosis and IL-6 production by alveolar
macrophages through ETCCI inhibition (Soberanes et al., 2019).
Here, we show that metformin treatment of non-diabetic mice
blunted the severity of LPS-induced ARDS when given either
before or after LPS challenge. Although metformin did not affect
expression of TNF or many other cytokines and chemokines, it
inhibits IL-6 and IL-1B secretion. Attenuation of IL-6 secretion
was likely to be due to abrogated JNK and p38 MAPK activation
and reduced recruitment of C/EBPB and NFATc1-4 to the IL-6
promoter. Diminished IL-18 production, however, was caused
by inhibition of NLRP3 inflammasome activation, correlating
with reduced Ox-mtDNA generation as a result of metformin-
induced inhibition of mtATP production and LPS-induced
ATP-dependent mtDNA synthesis. Myeloid-specific ablation of
cytidine monophosphate kinase 2 (CMPK?2), the LPS-inducible
rate-limiting enzyme required for activation of the salvage
pathway of mtDNA synthesis (Zhong et al., 2018), also reduced
LPS-induced ARDS severity with little effect on IL-6 production.
Neither NF-kB nor AMPK was involved in the ARDS protective
activity of metformin. Of note, metformin also attenuated pulmo-
nary inflammation in SARS-CoV2-infected human (h) ACE2
transgenic (Tg) mice. We suggest that a myeloid cell targeted
version of metformin, a safe and inexpensive drug, can be used
for the treatment of ARDS and other severe inflammatory
conditions.

RESULTS

Metformin has a minor effect on inflammatory

cytokine mRNAs

To understand the basis for metformin’s anti-inflammatory activ-
ity, we examined its effect on macrophage NF-kB activation and
cytokine gene induction in macrophages. Mouse bone-marrow-
derived macrophages (BMDMs) were incubated overnight with or
without metformin (0.5 mM) and stimulated with LPS minus or
plus ATP. In contrast to previous reports, metformin did not inter-
fere with LPS-induced p65/RelA nuclear translocation or phos-
phorylation (Figures 1A and S1A). Metformin also did not affect
recruitment of the autophagy chaperon p62, encoded by the
NF-kB-induced Sgstm1 gene, to mitochondria after LPS+ATP
stimulation and enhanced it in LPS-primed cells that were not
ATP exposed (Figures 1B and S1B). Metformin had similar effects
on recruitment of the mitochondrial fission dynamin GTPase
DRP1, enhancing it in LPS primed cells and not affecting it in
LPS+ATP challenged macrophages (Figures 1B and S1B).
Enhanced p62 and DRP1 recruitment may be the consequence
of reduced ATP production and partial mitochondrial membrane
depolarization in metformin-treated cells (see below). Metformin
did notinhibit STAT1 or STAT3 phosphorylation (Figures S1C and
S1D). Despite having no effect on NF-kB or STAT3, metformin led
t0a30%-50% decline in/l1b and //6 mRNA induction by LPS (Fig-
ure 1C). AMPKa.1 silencing enhanced //7b and //6 mRNA accumu-
lation in LPS-treated macrophages, but both transcripts still
declined after metformin treatment (Figure S1E). As reported
(Kelly et al., 2015), metformin potentiated //70 mRNA induction
(Figure 1C) but had little effect on other cytokine and chemokine
mRNAs, many of which are NF-«xB responsive, including Tnf, /112,
1123, Ccl2, Ccl3, Ccl4, and Ccl5 (Figure S1F). Metformin did not
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Figure 1. Metformin attenuates //1b and //6 mRNA induction but does

not inhibit NF-kB activation

(A) BMDM pretreated -/+ metformin (0.5 mM, 16 h) were harvested 30 min after LPS (100 ng/mL) addition. Nuclear (Nuc) and cytosolic (Cyt) fractions were
analyzed for the indicated proteins. s.e., short exposure; l.e., long exposure. One representative immunoblot (IB) out of 2.

(B) IB analysis of p62, DRP1, and VDAC in mitochondria from BMDM pretreated -/+ metformin, primed with LPS, and challenged with ATP (4 mM, 1 h).

(C) Q-PCR quantitation of //1b, 16 and //70 mRNAs before or after LPS stimulation -/+ metformin pre-treatment (n = 3).

(D) p65, C/EBP or NFATc1-4 recruitments to the //7 and /6 promoters in BMDM before or after LPS stimulation was analyzed by ChIP-gPCR assay (n = 3-7).

(E) IB analysis of p38 MAPK and JNK phosphorylation (left) and quantitation of //6

mRNA (top) and IL-6 secretion (bottom) from BMDM pretreated with metformin,

SB202190 (10 uM) or SP600125 (40 uM) for 16 h and stimulated with LPS for 30 min.
All IB show one representative out of 3. Results in (C-E) are averages +SD. *p < 0.05; **p < 0.01; ***p < 0.001. Two-sided unpaired t test. See also Figure S1.

Figure S1

inhibit induction of Ifnb and Ifng mRNAs, either (Figure S1F).IL-10
induction has been proposed to contribute to metformin’s anti-in-
flammatory activity (Kelly et al., 2015; Park et al., 2019). However,
despite enhanced //7b and //6 mRNA induction in LPS-stimulated
1110~~ BMDM, metformin still inhibited their expression (Fig-
ure S1G). Metformin-enhanced //70 mRNA expression was

AMPK-dependent (Figure S1H), but neither AMPK nor IL-10
was needed for the inhibitory effect on II1Tb mRNA (Figures S1E
and S1G).

Metformin inhibited IL-6 secretion by LPS-stimulated BMDM,
but TNF release was unaffected (Figures S1l and S1J). A similar
effect was seen in human peripheral blood mononuclear cell

Immunity 54, 1463-1477, July 13, 2021 1465




¢ CellPress

LPS - -
Metformin -

NLRP3

Immunity

Figure 2. Metformin inhibits NLRP3 inflam-
masome activation
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(PBMC)-derived macrophages (Figure S1K). Inhibition of IL-6
production correlated with blunted p38 or JNK MAP kinase acti-
vation and decreased nuclear translocation of NFAT family
members and C/EBP (Figures S1L-S1N), transcription factors
that mediate //6 gene induction (Akira et al., 1990; Luo and
Zheng, 2016; Soberanes et al., 2019; Trautwein et al., 1993).
Metformin also inhibited C/EBPB and NFATc1-4 recruitment to
the /I6 promoter but had no effect on p65/RelA recruitment to
either the 116 or II1b promoter (Figure 1D). In concordance with
the above results, JNK (SP600125) and p38 (SB202190) inhibi-
tors blocked //6 mRNA induction and IL-6 secretion (Figures 1E
and S10). Taken together, these results show that apart from a
modest reduction in //7b and /I6 mRNA induction, metformin
has very little effect on expression of inflammatory cytokines
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(0.5 mM, 16 h) before or after 4 h of LPS (100 ng/
mL) stimulation. Tubulin shows loading control.
(B) IB analysis of cleaved caspase-1 (Casp1 p20),
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ox flammasome activators (Nig-nigericin, 10 uM, 1 h;
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(C) Representative fluorescent microscopy im-
ages of BMDM co-stained for Tom20 and ASC
before or after LPS (100 ng/mL, 4 h) priming fol-
lowed by ATP (4 mM, 1 h) or nigericin (10 uM, 1 h),
-/+ metformin (0.5 mM, 16 h) pre-treatment. DAPI
stains nuclei. Arrows indicate ASC specks. Scale
bars, 10 um (n = 3).

(D) Percentages of cells shown in (C) with ASC
specks. n = 150 cells per group from 3 indepen-
dent experiments, magnification x 100.

(E and F) Peritoneal IL-1B (E) and IL-6 (F) in mice
treated with different doses of metformin (0, 10,
and 50 mg/kg) 30 min prior to i.p. alum (700 mg)
injection (n = 9 mice per group).
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Q‘b% S As IL-1B production is mainly regulated
v\\»@" v\"&x post-translationally, we examined effects

of metformin on pro-IL-1B processing
and NLRP3 inflammasome activation.
Metformin modestly decreased pro-IL-
1B protein and had no effect on expression of the inflammasome
components NLRP3, which was induced by LPS stimulation,
ASC, pro-Casp1, and NEK7 (Figures 2A and S2A). As expected,
metformin increased AMPK phosphorylation. Importantly, met-
formin inhibited Casp1 activation and pro-IL-1B processing to
mature IL-1B in LPS-primed macrophages incubated with either
ATP, nigericin (Nig), alum, or monosodium urate (MSU) crystals,
although the effect on nigericin-challenged macrophages was
relatively modest (Figures 2B and S2B-S2D). Metformin also in-
hibited gasdermin D (GSDMD) cleavage (Figures 2B and S2B)
and abrogated Casp1 p20 and IL-18 secretion from human mac-
rophages and LPS-primed mouse microglia stimulated with
different NLRP3 inflammasome activators (Figures S2E-S2H).
To validate NLRP3 inflammasome inhibition, we assessed
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Figure 3. Metformin inhibits mtDNA synthe-
sis and cytosolic Ox-mtDNA release

(A) Mitochondrial membrane potential of untreated
and LPS (100 ng/mL, 4 h)-primed BMDM chal-
lenged with ATP (4 mM, 1 h) or nigericin (10 uM, 1
h), -/+ metformin (0.5 mM, 16 h) pretreatment, was
measured by TMRM staining.

(B) Relative mtROS amounts measured by Mito-
SOX staining of BMDM treated as above.
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metformin’s effect on ASC speck formation, an indicator of in-
flammasome assembly (Dick et al., 2016). Consistent with its ef-
fect on Casp1, metformin inhibited nigericin- and ATP-induced
ASC speck formation, although inhibition of nigericin-induced
specks was incomplete (Figures 2C and 2D), correlating with re-
sidual inflammasome activation in nigericin stimulated cells. In
concert with its ability to inhibit GSDMD processing and block
production of its pore forming N-terminal fragment (Liu et al.,
2016), metformin also reduced LDH release (Figure S2I).

To determine whether short-term metformin treatment inhibits
NLRP3-dependent inflammation in vivo we used the alum-
induced peritonitis model (Guarda et al., 2011). Mice were given
different doses of metformin 30 min prior to intraperitoneal (i.p.)
alum challenge. Metformin treatment led to dose-dependent
decline in IL-1f and IL-6 production (Figures 2E and 2F), but as
seen in vitro had no effect on TNF production (Figure S2J).
Thus, IL-1B production by metformin-treated macrophages cor-
relates with inhibition of NLRP3 inflammasome activation.

Metformin inhibits mtDNA synthesis and Ox-mtDNA
generation

Metformin stimulates mitophagy by activating AMPK (Boyle et al.,
2018), and mitophagy limits NLRP3 inflammasome activation
(Sanchez-Lopez et al., 2019; Zhong et al., 2016). As expected, in-
hibition of mitophagy by p62 or ATG7 ablation enhanced Casp1
activation and IL-1p secretion (Figures S3A-S3D). However, met-
formin still inhibited Casp1 activation and IL-1B secretion in p62-
and ATG7-deficient macrophages (Figures S3A-S3D), indicating
that metformin’s effect is mitophagy independent. Most NLRP3
inflammasome activators induce mitochondrial depolarization,
measured by a drop in membrane potential, and stimulate mtROS
production (Tschopp and Schroder, 2010; Zhong et al., 2016;
Zhou et al., 2011). Accordingly, treatment of LPS-primed BMDM
with ATP or nigericin decreased mitochondrial membrane poten-
tial and increased mtROS, and metformin treatment blunted both

(C) Relative total mtDNA amounts in LPS-primed
BMDM -/+ metformin pre-treatment. Shown are the
ratio of D-loop mtDNA to Tert nuclear (n) DNA, Cox1
mtDNA to 78S nDNA or mtDNA that is not inserted
into nuclear DNA (non-NUMT) to B2m nDNA.

(D) 8-OH-dG amounts in cytosolic mtDNA of LPS-
primed BMDM stimulated with ATP or nigericin (Nig)
-/+ metformin pre-treatment were measured by
ELISA.

(E) Lysates of LPS-primed BMDM -/+ metformin
pretreatment, were divided into two aliquots. One
aliquot was used to measure POLy activity without
exogenous ATP and the other was supplemented
with 10 mM ATP prior to measuring POLy activity.
Results are averages + SD (n = 3). *p < 0.05; “*p <
0.01; ns, not significant. Two-sided unpaired t test.
See also Figure S3.

responses (Figures 3A and 3B). Of note, metformin treatment
decreased mitochondrial membrane potential on its own in non-
stimulated macrophages, possibly due to defective ETCCI-medi-
ated electron transfer from NADH to coenzyme Q. To determine
whether inhibition of mtROS production by metformin contributes
to inhibition of NLRP3 inflammasome activation, we used two
compounds that stimulate ROS production, 2,3-dimethoxy-1,4-
naphtoquinone (DMNQ) and mitoParaquat. Although both
compounds increased mtROS in metformin-treated and ATP-
stimulated macrophages, neither one restored Casp1 activation
and IL-1p secretion (Figure S3E-S3G). In addition to mtROS, met-
formin strongly inhibited LPS-stimulated mtDNA synthesis (Fig-
ure 3C) and blocked generation of cytoplasmic Ox-mtDNA in
LPS-primed macrophages challenged with either ATP or nigericin
(Figure 3D). Inhibition of cytoplasmic Ox-mtDNA or mtDNA syn-
thesis was independent of mtROS, as neither parameter was
restored by DMNQ or mitoParaquat-treated macrophages (Fig-
ures S3H and S3lI). Inhibition of LPS-induced mtDNA synthesis
by metformin was confirmed by ethynyl deoxyuridine (EdU) label-
ing (Figures S3J and S3K). Metformin had no effect on expression
of CMPK?2 (Figures S3L-S3N), an LPS-inducible nucleotide kinase
that converts dCMP to dCDP and is needed for stimulation of
mtDNA synthesis (Zhong et al., 2018). Looking for another cause
of blunted LPS-stimulated mtDNA synthesis, we examined effects
of metformin on POLy expression and activity. While having no
effect on POLy expression (Figures S30 and S3P), metformin
treatment decreased POLy activity measured in lysates of LPS-
stimulated macrophages with an assay mix containing all 4
dNTP precursors but lacking exogenous ATP (Figure 3E). Addition
of ATP at 10 mM fully restored POLYy activity, suggesting that the
apparent decline in enzyme activity was due to the low ATP con-
tent of metformin treated LPS-stimulated cells (Figures 3E and
S3Q). ATP is needed for initiation complex formation and POLy
movement along its DNA template (Burgers and Kornberg,
1982; Graziewicz et al., 2006).
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Figure 4. Metformin inhibits NLRP3 inflammasome activation via ETCCI, independently of AMPK
(A) 1B analysis of Ndufs4 (left), Casp1 p20, mature IL-1, and cleaved GSDMD (right) in culture supernatants and cell lysates of LPS (100 ng/mL, 4 h)-primed wild

type (W) or Ndufs4~'~ (K) BMDM stimulated —/+ ATP (4 mM, 1 h).

(B) Relative total mtDNA amounts in LPS (200 ng/mL, 4 h)-primed wild type (WT) or Ndufs4~'~ BMDM. The ratio of D-loop mtDNA to Tert nDNA, Cox7 mtDNA to
18S nDNA, or mtDNA that is not inserted into nuclear DNA (non-NUMT) to B2m nDNA is shown.
(C) IB analysis of AMPKa. (left), Casp1 p20 and mature IL-1p (right) in culture supernatants and lysates of LPS-primed wild type (W) or Ampka1~'~ (K) BMDM

stimulated -/+ ATP.

(D) Relative total mtDNA amounts in LPS-primed shCtrl- and shPrkaa1-transfected BMDM. The ratio of D-loop mtDNA to Tert nDNA, Cox1 mtDNA to 78S nDNA,
or mtDNA that is not inserted into nuclear DNA (non-NUMT) to B2m nDNA is shown.
All IB show one representative out of 3. Results are averages + SD (n = 3). *p < 0.05; **p < 0.01. Two-sided unpaired t test. See also Figure S4.

Metformin inhibits ATP production by targeting ETCCI
(Wheaton et al., 2014). To validate the role of ETCCI in NLRP3 in-
flammasome activation, we used Ndufs4~~ BMDM, missing a
subunit needed for ETCCI assembly and function (McElroy
et al., 2020; Yang et al., 2020b). Ndufs4~'~ BMDM exhibited
defective NLRP3 inflammasome activation and GSDMD cleavage
(Figures 4A and S4A), and metformin did not further reduce IL-1B
and Casp1 p20 release in these cells (Figures S4B and S4C).
Ndufs4 ablation also interfered with LPS-induced mtDNA synthe-
sis (Figure 4B). A recently developed ETCCI inhibitor, IACS-
010759 (Molina et al., 2018), which is chemically unrelated and
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more potent than metformin, also inhibited IL-1B production
and Casp1 and GSMDM cleavage in LPS-primed macrophages
stimulated with NLRP3 inflammasome activators (Figures S4D-
S4F). As found with metformin, the response to nigericin was
not as strongly inhibited as the response to the other activators.
IACS-010759 treatment also caused modest inhibition of IL-6
secretion (Figure S4G) but had no effect on TNF (Figure S4H).
IACS-010759 also inhibited mtDNA synthesis, but unlike metfor-
min and like the potent ETCCI inhibitor rotenone (Wheaton
et al., 2014), it enhanced ROS production (Figures S41 and S4J).
These results further confirm that inhibition of mtROS production
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is not required for metformin inhibition of NLRP3 inflammasome
activation. Next, we examined the role of AMPK activation in inhi-
bition of NLRP3 inflammasome activation. AMPKa1 ablation had
no effect on inhibition of Casp1 activation or IL-1 processing and
secretion by metformin in LPS-primed BMDM stimulated with
ATP (Figures 4C and S4K). Importantly, AMPKe1 silencing had
no effect on LPS-stimulated mtDNA synthesis and its inhibition
by metformin (Figure 4D). Congruently, AMPKa.1 deficiency had
no effect on POLy expression or activity in lysates of metformin-
treated LPS-stimulated BMDM (Figures S4L-S4N). Collectively,
these results suggest that inhibition of NLRP3 inflammasome
activation is due to inhibition of new mtDNA synthesis, which is
needed for generation of the NLRP3 ligand Ox-mtDNA (Zhong
et al., 2018).

Metformin inhibits LPS-induced ARDS

ARDS is a common cause of respiratory failure in critically ill pa-
tients, with a mortality rate of 30%-40% (Matthay et al., 2019).
We examined whether short-term metformin treatment pre-
vented or ameliorated ARDS in mice i.p. injected with a single
bolus of 5 mg/kg LPS followed by collection of bronchioalveolar
lavage fluid (BALF) and lung tissue after 8 and 24 h (Figure S5A).
As described (Menezes et al., 2005), LPS administration
damaged the pulmonary vascular endothelium and led to inter-
stitial edema accompanied by innate immune cell recruitment
into the septa and alveolar space with evident alveolar walls
thickening and secondary collagen deposition (Figure S5B).
Initially, mice were given vehicle or two different doses of met-
formin for three consecutive days with the last dose adminis-
tered 30 min prior to LPS challenge (Figure S5A). Whereas at
10 mg/kg metformin had a modest protective effect, at
50 mg/kg it led to strong protection. Histological assessment
of lung sections showed that at 50 mg/kg metformin prevented
septa thickening and inhibited infiltration of inflammatory cells
into the bronchioles, vascular bed, and lung parenchyma, and
abrogated collagen buildup (Figures 5A and S5C). At that
dose metformin strongly inhibited macrophage and neutrophil
infiltration (Figures 5B, S5D, and S5E), and this was accompa-
nied by decreased IL-18 and IL-6 in BALF, with no effect on TNF
(Figures 5C, 5D, and S5F). Consistently, metformin limited ASC
speck formation (Figures 5E and S5@G), and C/EBPB and NFAT
activation (Figures S5H-S5J), and reduced mortality of mice
challenged with a higher LPS dose (Figure S5K).

Next, we tested whether metformin administration after LPS
challenge ameliorates LPS- induced ARDS. Metformin was
given by i.p. injection at 50 mg/kg at 30 min after LPS administra-
tion with a second dose given after 24 h. Mice were evaluated
24 h after the last metformin dose (Figure S5L). Therapeutic
administration of metformin was as effective as the prophylactic
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treatment, reducing septa thickening, infiltration of monocytic
cells into the bronchioles, vascular bed and lung parenchyma,
and abrogating collagen buildup (Figure 5F). Therapeutic metfor-
min also inhibited macrophage and neutrophil infiltration (Figures
5@G), and decreased IL-1 in BALF (Figure 5H). We also examined
the preventive efficacy of oral metformin dissolved in drinking
water, starting 48 h prior to LPS challenge (Figure S5M). Oral
metformin was as protective as injected metformin (Figures
S5N-S5P). We compared the plasma concentrations of metfor-
min given via the two routes. Although oral metformin resulted in
higher plasma concentrations than i.p. metformin at the time of
LPS administration (942.57 + 658.76 ng/mL versus 439.57 +
389.02 ng/mL), at 24 h after LPS challenge the circulating con-
centrations of metformin were equally low, regardless of its
administration route (Figure S5Q). Although the mice were left
on oral metformin until the end of the experiment, soon after
LPS injection their water intake decreased (Figure S5R), thus ex-
plaining why at 24 h after LPS challenge metformin plasma con-
centrations were equally low in both treatment groups. We
conclude that short-term metformin treatment can prevent and
ameliorate LPS-induced ARDS.

Myeloid-specific Cmpk2 ablation prevents LPS-induced
ARDS but only affects IL-1

To test whether inhibition of LPS-induced mtDNA synthesis re-
duces pulmonary inflammation and IL-1f production in vivo, we
generated mice with myeloid-specific ablation of CMPK2
(Cmpk2*M® mice). As expected (Zhong et al., 2018), CMPK2-
deficient BMDM (Cmpk24/4), exhibited defective LPS-stimulated
mtDNA synthesis, Casp1 activation, and IL-1p secretion (Figures
S6A-S6E). Consistently, mice lacking CMPK2 in the myeloid
compartment were protected from LPS-induced ARDS like met-
formin-treated animals (Figure 6A), exhibiting reduced macro-
phage and neutrophil infiltration (Figures 6B-6D). Cmpk22"e
mice also exhibited fewer alveolar macrophages with ASC
specks, indicating reduced NLRP3 inflammasome activation
(Figures 6E and 6F). CMPK2 ablation also led to near complete
blockade of IL-18 release but had a small and insignificant effect
on C/EBPB activation and IL-6 secretion (Figures 6G and 6H and
S6F and S6G). Metformin treatment of Cmpk2-"¥¢ mice did not
result in noticeable improvement of lung pathology or reduced
IL-1B secretion, but it did inhibit C/EBP activation and IL-6
secretion (Figures S6G-S6I). These results confirm that metfor-
min affects IL-1B and IL-6 secretion through entirely different
mechanisms, with only IL-18 being dependent on LPS-induced
mtDNA synthesis, which is blocked by CMPK2 ablation. More-
over, these results demonstrate that myeloid-specific inhibition
of TLR-induced mtDNA synthesis is sufficient for conferring pro-
tection from LPS-induced ARDS.

(B) Lung sections from above mice were stained with F4/80 and MPO antibodies. Scale bar, 50 um. n = 4 mice per group. 10-12 images per mouse were

evaluated.

(C and D) IL-1B (C) and IL-6 (D) concentrations in BALF from above mice were measured by ELISA. n = 10 mice per group.

(E) F4/80 and ASC immunostaining of paraffin-embedded lung tissue from above mice. DAPI stains nuclei. Scale bar, 7.5 um. n = 4 mice per group.

(F) H&E and Sirius red staining of lung tissue from mice that were left untreated or treated with 50 mg/kg metformin daily starting 30 min after 5 mg/kg LPS
challenge. Tissue was collected 48 h after LPS administration. Scale bar, 100 um; n = 5 mice per group. 10-12 images per mouse were evaluated.

(G) F4/80 and MPO staining in lung sections from mice in (F). Scale bar, 50 um. n = 5 mice per group. 10-12 images per mouse were evaluated.

(H) IL-1pB concentration in BALF from mice in (F) were measured by ELISA. n = 5 mice per group.

**p < 0.01; ***p < 0.001; ns, not significant. Unpaired t test; Mann-Whitney test. See also Figure S5.

Figure S5
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Figure 6. Myeloid-specific Cmpk2 ablation recapitulates metformin protective effects in LPS-induced ARDS

(A) H&E and Sirius red staining of lung tissue from Cmpk2™ and Cmpk22"° mice challenged with 5 mg/kg LPS for 24 h. Scale bar, 100 um. n = 7-9 mice per group.
10-12 images per mouse were evaluated.

(B) F4/80 and MPO staining in lung sections from mice in (A). Scale bar, 50 um. n = 5 mice per group. 10-12 images per mouse were evaluated.

(C and D) Area (in %) occupied by F4/80 (C), and MPO (D) staining, in lung sections from (B). Averages + SEM; n = 5 mice per group. 10-12 HMF per group
evaluated.

(legend continued on next page)
Immunity 54, 1463-1477, July 13, 2021 1471



¢ CellPress

Metformin attenuates SARS-CoV-2-induced pulmonary
inflammation

Consistent with a recent report of NLRP3 inflammasome activa-
tion in COVID-19 PBMCs (Rodrigues et al., 2021), we observed
enhanced macrophage recruitment and ASC speck formation
in COVID-19 post-mortem lungs (Figures 7A-7C). To determine
whether metformin treatment reduces SARS-CoV-2 elicited pul-
monary inflammation, we used SARS-CoV-2 infectable hACE2
Tg mice (Bao et al., 2020; Winkler et al., 2020). The mice were
i.p. injected with 50 mg/kg metformin or vehicle, starting
2 days before intranasal inoculation with 10* PFU of SARS-
CoV-2 USA-WA1/2020 strain, and lung tissue was collected for
analysis 6 days post-infection. As in LPS-induced ARDS, metfor-
min treatment reduced immune cell infiltration and alveolar wall
thickening and C/EBPp activation in SARS-CoV-2 infected
mice (Figures 7D-7F and S7A-S7C). Although at day 6 post-
infection, only few macrophages with ASC specks were
observed in SARS-CoV-2-infected lungs, almost none were
found in metformin treated lungs (Figures 7G and S7D). Metfor-
min treatment also slowed down the infection-associated loss of
body weight at day 2 post-inoculation (Figure S7E); however, the
mechanism underlying this effect is currently unknown.

DISCUSSION

ARDS is associated with high mortality rates and is a serious and
often fatal complication of COVID-19, although its manifestation
in the latter differs from “typical” ARDS (Fan et al., 2020; Han and
Mallampalli, 2015; Li and Ma, 2020; Wu et al., 2020). Mortality
and ARDS risk in SARS-CoV-2 infected individuals are increased
by old age and comorbidities such as T2D, obesity and hyper-
tension (Gao et al., 2021; Guan et al., 2020; Richardson et al.,
2020; Singh and Khan, 2020; Valencia et al., 2017), but are sub-
stantially reduced by long-term metformin usage (Bramante
et al.,, 2021; Crouse et al., 2021; Li et al., 2020; Luo et al.,
2020). This protective effect is independent of glycemic control
and is related to metformin’s anti-inflammatory properties (Bar-
zilaiet al., 2016; Pollak, 2017; Valencia et al., 2017). Nonetheless,
whether short-term metformin treatment of non-diabetic sub-
jects can prevent acute inflammatory responses, including
ARDS, was heretofore unknown. We now show that abrupt met-
formin-based intervention prevents and ameliorates LPS-
induced ARDS in mice, accompanied with abrogated in situ
NLRP3 inflammasome activation and IL-1p and IL-6 secretion.
The mechanisms by which metformin inhibited IL-6 and IL-1
secretion were distinct. IL-6 production was mainly reduced
transcriptionally, whereas inhibition of IL-18 secretion was pri-
marily due to post-translational inhibition of NLRP3 inflamma-
some activation and defective pro-IL-1p processing. Consistent
with previous studies (Soberanes et al., 2019), inhibition of IL-6
expression correlated with blunted NFAT and C/EBPS (aka NF-
IL6) nuclear translocation and recruitment to the //6 promoter re-
gion, demonstrated by our ChIP experiments. This was most
likely due to defective JNK and p38 activation, as inhibitors of
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these kinases blocked IL-6 mRNA induction and protein secre-
tion. Nonetheless, inhibition of both IL-6 and IL-15 was mediated
by metformin’s well-established inhibitory effect on ETCCI
(Wheaton et al., 2014). Of note, metformin did not inhibit NF-
kB activation and did not block induction of numerous cytokine
mRNAs, including IFNB and IFNvy.

While confirming metformin’s ability to diminish ETCCI-
dependent and C/EBPB and NFAT-mediated IL-6 production in
alveolar macrophages (Soberanes et al.,, 2019), we showed
that metformin is an effective inhibitor of NLRP3 inflammasome
activation in vitro and in vivo and have identified its mode of ac-
tion. The principle molecular target for metformin was ETCCI,
whose inhibition reduced ATP production (Bridges et al., 2014;
Wheaton et al., 2014). Consistent with previous publications
showing that LPS induces a glycolytic switch and increases
mitochondrial membrane potential (Ip et al., 2017; Mills et al.,
2016), metformin elicited a larger drop in ATP concentration in
LPS-primed than in non-stimulated macrophages. Genetic abla-
tion of ETCCI subunit Ndufs4 also inhibited NLRP3 inflamma-
some activation and LPS-induced mtDNA synthesis, and in
Ndusf4~'~ macrophages metformin did not lead to further inhibi-
tion of Casp1 activation and IL-1p secretion. Newly replicated
single stranded mtDNA is highly susceptible to oxidative dam-
age leading to Ox-mtDNA generation (Zhong et al., 2018). Frag-
ments of Ox-mtDNA entering the cytoplasm bind NLRP3 and
trigger inflammasome assembly and activation (Shimada et al.,
2012; Zhong et al., 2018). Although metformin attenuated
mtROS accumulation in macrophages treated with the NLRP3
activators ATP and nigericin, this effect was not important for in-
hibition of NLRP3 inflammasome activation which was not
reversed by treatment of metformin-incubated macrophages
with the mtROS generators mitoParaquat and DMNQ. Moreover,
another ETCCI inhibitor IACS-010759 also blocked NLRP3 in-
flammasome activation and IL-1f secretion, but like the ETCCI
inhibitor rotenone (Wheaton et al., 2014), it enhanced mtROS
production. We therefore conclude that the main mechanism
by which metformin prevents NLRP3 inflammasome activation
is inhibition of TLR-induced mtDNA synthesis, which blocks
NLRP3 inflammasome activation in vitro and in vivo and protects
mice from LPS-induced ARDS. Treatment of Cmpk2*M¥® mice
with metformin did not result in any further decrease in IL-1B
secretion although it inhibited IL-6, whose production was unaf-
fected by CMPK2 ablation. Disruption of cytoplasmic accumula-
tion of fragmented mtDNA and inhibition of GSDMD cleavage
may prevent the circulatory release of mtDNA, thus attenuating
distant organ damage (Grazioli and Pugin, 2018), and making
further contributing to the protective effects of metformin and
myeloid-specific CMPK2 ablation. In contrast to previous
studies showing metformin-induced NF-«B inhibition in vascular
endothelial cells and cardiomyocytes (Hattori et al., 2006; Vaez
etal., 2016), no inhibition of NF-«B or NF-kB-dependent cytokine
mRNA induction took place in mouse or human macrophages.
Although we don’t rule out that metformin may manifest its
ARDS protective effects in endothelial cells, it should be pointed

(E) F4/80 and ASC immunostaining of lung tissue from mice in (A). DAPI stains nuclei. Scale bar, 7.5 pm. n = 4-5 mice per group.

(F) Percentage of F4/80* cells with ASC specks in lung sections from mice in (E). Cells were quantified in 15 HMF from 4-5 mice per group. Averages + SEM.
(G and H) IL-1B (G) and IL-6 (H) concentrations in BALF from above mice were measured by ELISA. n = 7-9 mice per group.

***p < 0.005; ***p < 0.001; ns, not significant. Unpaired t test; Mann-Whitney test. See also Figure S6.
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(A) Representative images from healthy (n = 3) and COVID-19 post-mortem (n = 11) tissue stained for CD68 (yellow) and ASC (red) taken at 20x.
(B and C) Quantification of macrophages (B) (CD68") and cells with ASC specks (C) normalized to nuclei in above lung sections. *p < 0.05. Unpaired t test; Mann-

Whitney test.

(D) Lung inflammation score in SARS-CoV-2-infected hACE2 Tg mice infected as indicated in STAR Methods. The scores were averaged and are shown as
average + SEM n = 4 mice. *p < 0.05. All groups were compared to each other using ANOVA Kruskal-Wallis test.

(E) H&E staining of lung tissue from hACE2 Tg mice treated as in (D). Scale bar, 200 pm. n = 4 mice per group. 10-12 images per mouse were evaluated.

(F) Lung sections from mice in (E) were stained with F4/80, MPO and C/EBP@ antibodies. Scale bar, 100 um for F4/80, MPO, and C/EBP@, and 50 um for

highlighted areas. n = 4 mice per group. 10-12 images per mouse were evaluated.

(legend continued on next page)
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out that NF-kB inhibition in such cells enhances TNF-induced
apoptosis (Liu et al., 1996), resulting in vascular leakage. We
also found no role for metformin-induced AMPK activation in in-
hibition of IL-1B and IL-6 production. AMPK-induced autophagy
is speculated to be responsible for inhibition of NLRP3 inflamma-
some by metformin in non-myeloid cell types (Lee et al., 2013;
Liu et al., 2016; Yang et al., 2019). However, AMPKa1 ablation
or autophagy blockade by p62 or ATG7 ablation did not diminish
metformin’s ability to inhibit NLRP3 inflammasome activation
and IL-1p secretion.

Inhibition of IL-6 and IL-18 production by lung macrophages is
likely to account for the ARDS blocking activity of metformin. The
NLRP3 inflammasome and its products IL-18 and IL-18 play crit-
icalroles in ARDS pathogenesis (Dolinay etal., 2012; Ganteretal.,
2008; Kolb et al., 2001), and recent studies implicate them along
with IL-6 in acute airway inflammation triggered by SARS-CoV-2
and its relatives SARS-CoV-1 and MERS-CoV (Freeman and
Swartz, 2020). Congruently, NLRP3 inflammasome activation is
detected in COVID-19 PBMC (Rodrigues et al., 2021) and post-
mortem lungs and our results demonstrate a protective effect of
metformin in SARS-CoV-2 infected hACE2 Tg mice. A study of
IL-1 receptor antagonist (IL-IRA, anakinra) in a small COVID-19
cohort reveals a rapid decline in inflammation and fever, followed
by clinical improvement (Cauchois et al., 2020). Similar results,
including reduced mortality or need for mechanical ventilation,
are seen in another COVID-19 anakinra study (Huet et al., 2020),
and a recent clinical trial has established the COVID-19 amelio-
rating effect of IL-6 receptor blockade (Gupta et al., 2021).
Although metformin is not a specific NLRP3 inflammasome inhib-
itor, no specific NLRP3 antagonist has advanced to the clinic.
Recently, however, FDA-approved BTK inhibitors have been
found to inhibit NLRP3 inflammasome activation (Ilto et al.,
2015) and reduce inflammation in COVID-19 (Roschewski et al.,
2020). Another FDA-approved drug that may reduce IL-1§ secre-
tion is disulfiram, which is used to fight alcohol addiction. Disul-
firam does not inhibit GSDMD cleavage, but it blocks formation
of the pore formed by its N-terminal fragment (Hu et al., 2020).

Inhibition of LPS-induced ARDS by metformin is extensive,
reducing macrophage infiltration and collagen deposition. The
dose of metformin required for these effects, 50 mg/kg per bolus,
is equivalent to its maximal human daily dosage, 3 g/day orally in
a 60 kg person (Wilcock and Bailey, 1994). Although oral metfor-
min is just as effective as metformin injection, it should be noted
that macrophages barely express the metformin and organic
cation transporter OCT1, which mediates metformin uptake
into hepatocyte, where it inhibits gluconeogenesis (Nies et al.,
2009). Thus, the efficacy of acute metformin-based intervention
in different ARDS etiologies may be improved by directed deliv-
ery into lung macrophages using nanopatrticles or liposomes.

Giventheimportant role of IL-1f and IL-6 in tumor development
and progression (Greten and Grivennikov, 2019; Grivennikov
etal., 2010), itis likely that inhibition of cytokine production by tu-
mor associated macrophages contributes to metformin’s anti-
cancer activity (Pollak, 2012). Supporting this hypothesis, a large
clinical study of the IL-18 blocking antibody canakinumab in car-
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diovascular disease reveals a reduction in lung cancer incidence
and mortality (Ridker et al., 2017). Given the widespread involve-
ment of IL-1 in multiple inflammatory pathologies (Dinarello,
2011), we propose that metformin should be evaluated for thera-
peutic efficacy in such diseases. Givenits low cost and high safety
profile, metformin represents a viable alternative to expensive
biological IL-1 blockers, such as anakinra and canakinumab.

Limitations of study

When using animal models there is always a concern regarding
human relevance. We sought a mechanistic explanation to
observational studies in which metformin for glycemic control
was found to reduce ARDS and COVID-19 risk. It is unclear
whether short-term metformin treatment fully mimics long-term
drug treatment. It is also unclear whether LPS-induced ARDS
in mice mimics bacterial-induced human ARDS, as LPS is only
one component of gram negative bacterial and absent in gram
positive bacteria. To model COVID-19, we used hACE2 trans-
genic mice. Although these mice succumb to SARS-CoV-2
infection, their lungs were not as heavily infiltrated with inflam-
matory cells as COVID-19 patients’ lungs. Moreover, hACE2
transgenic mice can only be followed for 1 week after SARS-
CoV-2 infection and are unsuitable for studying prolonged
COVID-19. It also remains to be seen whether COVID-19 pa-
tients who benefited from metformin use, show reduced ASC
speck formation in alveolar macrophages.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY

O Lead contact

O Materials availability

O Data and code availability
o EXPERIMENTAL MODEL AND SUBJECT DETAILS

O Cell lines and primary culture

O Animal studies

O LPS-induced ARDS

O Alum-induced peritonitis

O SARS-CoV-2 infection in hACE2 mice
e METHOD DETAILS
shRNA lentiviral silencing
Generation of SARS-CoV-2 USA-WA1/2020 viral stock
Protein immunoblotting
ELISA (Enzyme-linked immunosorbent assay)
Caspase-1 ZYAD FLICA staining
RNA isolation and quantitative real-time PCR (QPCR)
Chromatin immunoprecipitation assays
Immunofluorescence and confocal microscopy
Histological evaluation and immunohistochemistry
LC-MS/MS for measuring metformin concentration in
plasma
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(G) F4/80 and ASC immunostaining in lungs from mice in (E). Nuclei were counterstained with DAPI and the images were captured by fluorescent confocal
microscopy focusing on areas containing alveolar macrophages. Scale bar, 7.5 um. n = 4 mice per group. All images are representative for each group. See

also Figure S7.
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O Immunofluorescence and analysis of lung samples
from human autopsies

O Mitochondrial function

O Measurement of total mtDNA

O Cellular fractionation and measurement of cyto-
solic mtDNA

O POLy activity assay
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
IL-1B Cell Signaling Cat#12426; N/A
Phospho-AMPK (Thr172) Cell Signaling Cat#2535; N/A
VDAC Cell Signaling Cat#4161; RRID:AB_10557420
Cleaved Gasdermin D (Asp275) (E7TH9G) Cell Signaling Cat#36425; RRID:AB_ 2799099
Phospho-JNK (Thr183/Tyr185) Cell Signaling Cat#9251;
RRID:AB_331659
NEK7 (C34C3) Cell Signaling Cat#3057;
RRID:AB_2150676
Phospho-p38 MAPK (Thr180/Tyr182) Cell Signaling Cat#9211;
RRID:AB_331641
Atg7 Cell Signaling Cat#8558;
RRID:AB_10831194
Ndufs4 Proteintech Cat#15849-1-AP;
N/A
Poly Abcam Cat#1288909;
RRID:AB_1114530
AMPK Santa Cruz Biotechnology Cat#25792; RRID:AB_2169546
DRP1 Santa Cruz Biotechnology Cat#32898; RRID:AB_2093533
p38 Santa Cruz Biotechnology Cat#728;
N/A
JNK1/3 Santa Cruz Biotechnology Cat#474;
RRID:AB_632384
NFATc1 (IB) Santa Cruz Biotechnology Cat#7294;
RRID:AB_2152503
NFATc2 (IB) Santa Cruz Biotechnology Cat#7296;
RRID:AB_628012
NFATc3 ((IB) Santa Cruz Biotechnology Cat#8405;
RRID:AB_628014
NFATc4 (IB and ChlIP) Santa Cruz Biotechnology Cat#271597;

C/EBPB (IB)
HDACH
NF-«B p65

NFATc1 (ChIP)

NFATc2 (ChIP)

NFATc3 (ChIP)

C/EBPB (ChIP)

Tubulin
Caspase-1
ASC
NLRP3
p62

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology

Thermo Fisher Scientific
Thermo Fisher Scientific
Proteintech

Thermo Fisher Scientific
Sigma-Aldrich
Adipogen

Adipogen

Adipogen
ProGen

el Immunity 54, 1463-1477.e1-e11, July 13, 2021

RRID:AB_10714946

Cat#150; RRID:AB_2260363
Cat#7872; RRID:AB_2279709

Cat# 8242;
RRID:AB_10859369

Cat# MA3-024;
RRID:AB_2236037

Cat#MA1-025;
RRID:AB_2152763

Cat#18222-1-AP;
RRID:AB_2152773

Cat# PA5-27244;
RRID:AB_2544720

Cat#T9026; N/A

Cat#AG-20B-0042-C100; N/A
Cat#AG-25b-0006-C100; N/A
Cat#AG-20B-0014-C100; N/A

Cat#GP62-C; RRID:

AB_2687531

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Cmpk2 Novus Cat#80653; RRID:AB_11037163

Ndufs4 Proteintech Cat#15849-1-AP;
RRID:AB_2878191

F4/80 Invitrogen Cat#MF48000; RRID:AB_1500089

Myeloperoxidase Abcam Cat#ab9535; RRID:AB_307322

Anti-ATP Synthase, beta chain, clone Millipore Cat#MAB3494; RRID:AB_177597

4.3E8.D1 antibody

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Cat#7074; RRID:AB_2099233

Anti-mouse IgG, HRP-linked Antibody Cell Signaling Cat#7076; RRID:AB_330924

Mouse IL-1beta /IL-1F2 Antibody R&D Systems Ca#MAB401; RRID:AB_2124620

Mouse IL-1beta /IL-1F2 Biotinylated R&D Systems Ca#BAF401;

Antibody RRID: AB_356450

Anti-Mouse/Rat TNF alpha antibody eBioscience Cat#14-7423; RRID:AB_468492

Anti-Mouse/Rat TNF alpha Biotin antibody eBioscience Cat#13-7341; RRID:AB_466951

IL-6 Monoclonal Antibody (MP5-20F3) eBioscience Cat#14-7061-81; RRID:AB_468422

IL-6 Monoclonal Antibody (MP5-32C11), eBioscience Cat#13-7062-81; RRID:AB_466910

Biotin

Donkey anti-rabbit IgG (H+L) secondary Invitrogen Cat#A-21206; RRID:AB_2535792

antibody, Alexa Fluor 488

Donkey anti-rabbit IgG (H+L) secondary Invitrogen Cat#A-21207; RRID:AB_141637

antibody, Alexa Fluor 594

Donkey anti-mouse IgG (H+L) secondary Invitrogen Cat#A-21202; RRID:AB_141607

antibody, Alexa Fluor 488

Donkey anti-mouse IgG (H+L) secondary Invitrogen Cat#A-21203; RRID:AB_141633

antibody, Alexa Fluor 594

Donkey anti-rat IgG (H+L) secondary Invitrogen Cat#A-21209; RRID:AB_2535795

antibody, Alexa Fluor 594

Bacterial and virus strains

SARS-CoV-2 USA-WA1/2020 strain.
GenBank (Accession number MN985325)

BEI Resources (NR-52281)

N/A

Biological samples

PBMC isolated from fresh peripheral blood
of healthy donors (StemExpress, Inc)

Lung tissue from autopsy of patients with
PCR confirmed SARS-CoV-2 deceased
due to COVID-related pneumonia and
patients deceased due to non-pulmonary-
related causes.

StemExpress, Inc

Dr. Warren G. Tourtellotte.

N/A

N/A

Chemicals, peptides, and recombinant proteins

Recombinant Mouse IL-13

Recombinant Mouse TNFa

Recombinant Mouse IL-6

Recombinant human GM-CSF
Recombinant Human IFN-gamma Protein
SARS-CoV-2 Spike S1+S2 ECD
SARS-CoV-2 Spike S1

Recombinant Human coronavirus SARS-
CoV-2 Spike

Glycoprotein S1 (Fc Chimera)

Ultrapure LPS, E. coli 0111:B4

Lipopolysaccharides from Escherichia
coli 026:B6

R&D Systems
eBioscience
eBioscience
R&D Systems
R&D Systems
ABclonal
ABclonal
Abcam

Invivogen
Sigma-Aldrich

Cat#401-ML
Cat#14-8321
Cat#14-8061-62
Cat# 7954-GM/CF
Cat#285-1F-100
Cat# RP01260LQ
Cat# RP01262
Cat# ab272105

Cat#tlrl-3pelps
Cat#L.2654

(Continued on next page)
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Adenosine 5¢-triphosphate disodium salt Sigma-Aldrich Cat#A6559
solution

Nigericin Invivogen Cat#tlrl-..nig
Monosodium urate (MSU) Enzo Life Science Cat#ALX-400-047-M002
Imject™ Alum Adjuvant Thermo Scientific Cat#77161
Metformin Selleckchem Cat#S1950
Metformin Tocris Cat#2864
IACS-010759 Selleckchem Cat#S8731
Metformin-(dimethyl-d6) hydrochloride Sigma-Aldrich Cat#53183
SP600125 Selleckchem Cat#S1460
SB202190 Selleckchem Cat#S1077
MitoParaquat Selleckchem Cat#S8978
DMNQ Selleckchem Cat#S6563
Complete™, Mini Protease Inhibitor Roche Cat#11836153001
Cocktail

EDTA Versene solution Cat#9314
Phosphatase Inhibitor Cocktail 2 Sigma-Aldrich Cat#P5726
Clarity Western ECL Substrate Biorad Cat#1705061
DAPI (4’6-Diamidino-2-Phenylindole, Invitrogen Cat#D1306
Dihydrochloride

Caspase | FLICA dye (660-YVAD-FMK) Immunochemistry technologies, LLC Cat#9122
FAM-FLICA® Caspase-1 (YVAD) Assay Kit Immunochemistry technologies, LLC Cat#97
Tetramethylrhodamine, Methyl Ester, Invitrogen Cat#T668
Perchlorate (TMRM)

Ghost Dye™ Red 780 Tonbo Cat# 13-0865-T100
MitoSOX™ Red mitochondrial superoxide Invitrogen Cat#M36008
indicator

Bovine Serum Albumin Gemini Cat#700-100
CD-1 (ICR) MSEOOPLK2 BiolVT Cat#MSEOOPLK2
Triton X-100 Sigma-Aldrich Cat#T8787
Normal horse serum Vectorlabs Cat#S-2000
Dimethyl Sulfoxide (DMSO) Sigma-Aldrich Cat#D2650-100
Protein Assay Dye reagent concentrate Biorad Cat#5000006
Polybrene Sigma-Aldrich Cat#TR-1003
FluorSave™ Millipore Cat#345789
Hematoxyline 560 Leica Cat#3801570
Alcoholic Eosine Y 515 Leica Cat#3801615
Direct Red 80 Sigma-Aldrich Cat#365548
Picric acid solution Ricca Cat#5860-16

Ficoll-Paque PREMIUM

GE Healthcare

Cat#17-5442-02

Critical commercial assays

Mitochondria isolation kit

NE-PER™ Nuclear and cytoplasmic
extraction reagents

Click-iT™ EdU Cell Proliferation Kit for
Imaging

AllPrep DNA/RNA Mini kit
Lipofectamine™ 3000 Transfection
Reagent

RNeasy Plus Mini kit

ThermoFisher Scientific
ThermoFisher Scientific

ThermoFisher
Scientific
QIAGEN

Invitrogen

QIAGEN

e3 Immunity 54, 1463-1477.e1-e11, July 13, 2021

Cat#89874
Cat#78835

Cat#C10337

Cat#80204
Cat#L.3000001

Cat# 74134
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SuperScript™ VILO™ cDNA Synthesis Kit Invitrogen Cat#11754050

SsoAdvancedTM Universal SYBR Green Biorad Cat#172-5274

Supermix

Power SYBR® Green RNA-to-Ct™ 1-
Step Kit

LDH-Glo™ Cytotoxicity Assay
CellTiter-Glo Luminescent Assay
Human DNA Polymerase Gamma Assay
8-hydroxy 2 deoxyguanosine ELISA Kit

MILLIPLEX MAP Human Cytokine/
Chemokine Magnetic Bead Panel -
Premixed 41 Plex - Immunology
Multiplex Assay

Sep Mate 15 tubes

Applied Biosystems

Promega
Promega
ProFoldin
Abcam

EMD Millipore

Stem Cell technologies

Cat# 4391178

Cat#J2380

Cat#G924B
Cat#DPG100K
Cat#ab201734
Cat#HCYTMAG-60K-PX41

Catalog # 85415

EasySep Human CD14 positive selection Stem Cell technologies Cat#17858
cocktail Il

Waters XBridge Amide column (2.1 x Waters Cat#186004861
150 mm, 3.5 pm)

Experimental models: Cell lines

HEK293T ATCC ATCC® CRL-3216™; RRID:CVCL_0063
L929 ATCC ATCC® CCL-1™; RRID:CVCL_0462
Immortalized BMDM Dr. Kate Fitzgerald (N/A)

Vero E6 ATCC ATCC Cat# CRL-1586, RRID:CVCL_0574
Experimental models: Organisms/strains

C57BL/6N female and male (in vitro) In house breeding N/A

C57BL/6N male (in vivo) Charles River Laboratories N/A

1110~'~ female and male (in vitro) In house breeding N/A
Ampka1~'~ female and male (in vitro) Dr. R. Liu-Bryan N/A

p62™ and p624M© female and male (in vitro) In house breeding N/A

Cmpk2"™ and Cmpk24M¥® male (in vivo) In house breeding N/A

Ndufs4~'~ female and male (in vitro) Dr. J. D. Rabinowitz N/A
Oligonucleotides

Primers for mouse Hprt1 Integrated DNA Technologies N/A

Forward: CTGGTGAAAAGGACCTCTCG

Reverse: TGAAGTACTCATTATAGTCAAG

GGCA

Primers for mouse /I1b Integrated DNA Technologies N/A

Forward: AGTTGACGGACCCCAAAAG

Reverse: AGCTGGATGCTCTCATCAGG

Primers for mouse /16 Integrated DNA Technologies N/A

Forward: CCAGGTAGCTATGGTACTCCA

Reverse: GCTACCAAACTGGCTATAATC

Primers for mouse Tnf Integrated DNA Technologies N/A

Forward: CCCTCACACTCAGATCATCTT

Reverse: GCTACGACGTGGGCTACAG

Primers for mouse //10Forward: CAG Integrated DNA Technologies N/A
AGCCACATGCTCCTAGAReverse:

TGTCCAGCTGGTCCTTTGTT

Primers for mouse Ifn-g Integrated DNA Technologies N/A

Froward: GCCTTTGCCATCCAAGAGATGC
Reverse: ACACTGTCTGCTGGTGGAGTTC

(Continued on next page)
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IDENTIFIER

Primers for mouse Ifn-yFroward:
CAGCAACAGCAAGGCGAAAAAGG
Reverse: TTTCCGCTTCCTGAGGCTGGAT

Primers for mouse //12a

Forward: ACGAGAGTTGCCTGGCTACTAG
Reverse: CCTCATAGATGCTACCAA
GGCAC

Primers for mouse /l12bFroward:
TTGAACTGGCGTTGGAAGCACG
Reverse: CCACCTGTGAGTTCTTC
AAAGGC

Primers for mouse /123
Froward: CATGCTAGCCTGGAACGCACAT
Reverse: ACTGGCTGTTGTCCTTGAGTCC

Primers for mouse Ccl2Froward:
GCTACAAGAGGATCACCAGCAG
Reverse: GTCTGGACCCATTCCTTCTTGG

Primers for mouse Ccl3

Froward: ACTGCCTGCTGCTTCTCCTACA
Reverse: ATGACACCTGGCTGGGAG
CAAA

Primers for mouse Ccl4
Froward: ACCCTCCCACTTCCTGCTGTTT
Reverse: CTGTCTGCCTC TGGTCAGG

Primers for mouse Ccl5
Froward: CCTGCTGCTTTGCCTACCTCTC
Reverse: ACACACTTGGCGGTTCCTTCGA

Primers for mouse Cmpk2
Forward: GCCCCAGATATAGCATTCCC
Reverse: GTTCATCCTGTTCCTGCTCC

Primers for mouse D-loopForward:
AATCTACCATCCTCCGTGAAACC
Reverse: TCAGTTTAGCTACCCCCAA
GTTTAA

Primers for mouse 78S
Forward: TAGAGGGACAAGTGGCGTTC
Reverse: CGCTGAGCCAGTCAGTGT

Primers for mouse TertForward:
CTAGCTCATGTGTCAAGACCCTCTT
Reverse: GCCAGCACGTTTCTCTCGTT

Primers for mouse Cox

Forward: GCCCCAGATATAGCATTCCC
Reverse: GTTCATCCTGTTCCTGCTCC
Primers for mouse Non-Numt

Forward: CTAGAAACCCCGAAACCAAA
Reverse: CCAGCTATCACCAAGCTCGT
Primers for mouse B2m

Forward: ATGGGAAGCCGAACATACTG
Reverse: CAGTCTCAGTGGG GGTGAAT
Primers for human IL1BForward:
ATGATGGCTTATTACAGTGGCAA
Reverse: GTCGGAGATTCGTAGCTGGA
Primers for human IL6Forward:
ACTCACCTCTTCAGAACGAATTG
Reverse: CCATCTTTGGAAGGTTCA
GGTTG

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

Integrated DNA Technologies

e5 Immunity 54, 1463-1477.e1-e11, July 13, 2021

N/A

N/AN/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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Primers for human 718SForward: Integrated DNA Technologies N/A
GCTTAATTTGACTCAACACGGGA

Reverse: AGCTATCAATCTGTCAATCC

TGTC

Primers for mouse //71b (NF-kB p65 Integrated DNA Technologies N/A

ChIP assay)

Forward: AACGGAGGAGCCGTTGATATG

Reverse: AGAGCATCTTCCTAATGC

Primers for mouse /16 (NF-xB p65 Integrated DNA Technologies N/A

ChlIP assay)

Forward: AGCTCATTCTGCTCTG

Reverse: AGATTGCACAATGTGACGTCG

Primers for mouse /6 (C/EBPJ ChIP assay) Integrated DNA Technologies N/A

Forward: CCCCTTCCTAGTTGTGATTC

Reverse: ANATCTTTGTTGGAGGGTGG

Primers for mouse /6 (Nfatc1 ChlP assay) Integrated DNA Technologies N/A

Forward: CCCACCCTCCAACAAAGATT

Reverse: GCTCCAGAGCAGAATGAGCTA

Primers for mouse /6 (Nfatc2 ChIP assay) Integrated DNA Technologies N/A

Forward: TCTGGAGACAGGTGGACAGAA

Reverse: CCCCTCCAATGCTCAAGTCT

Primers for mouse //6 (Nfatc3 ChlIP assay) Integrated DNA Technologies N/A

Forward: GCATTCTCCCCAGTGGTCTC

Reverse: AGACATGCTCAAGTGCTGAGTC

Primers for mouse //6 (Nfatc4 ChIP assay) Integrated DNA Technologies N/A

Forward: AGATATCTGGAGACAGGT

GGACAReverse: TCTTCTAGGCTGGGT

CAAACT

Recombinant DNA

VSV-G Zhong et al., 2016 N/A
pLV-CMVA8.9 Zhong et al., 2016 N/A

shAtg7: 5¢-CCGGCCAGCTCTGAAC Sigma shRNA Mission librarySigma N/A
TCAATAATACTCGAGTATTATTGAGT shRNA Mission library

TCAGAGCTGGTTTTTG-3¢

shPrkaa1:5¢-CCGGCCTGAATCG Sigma shRNA Mission library N/A
AAATGTGTTCTTCTCGAGAAGAA

CACATTTCGATTCAGGTTTTT-3¢

Software and algorithms

Prism 8.0 GraphPad Software N/A

ImageJ ImagedJ N/A

FloJo FloJo N/A

XPONENT Luminex N/A
MasterPlex Reader fit Hitachi Solutions America N/A

Other

DMEM GIBCO Cat#11995-065
RPMI 1640 GIBCO Cat# 11875085
MEM non-essential amino acids Hyclone Cat#SH30050.03
Fetal Bovine Serum (FBS) GIBCO Cat#10437-028 (l0t.1913181)
Penicillin-streptomycin GIBCO Cat#15140-122
Penicillin-streptomycin Corning Cat#20-002-CL
L-glutamine Corning Cat#25-005-Cl
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RESOURCE AVAILABILITY

Lead contact
Lead Contact, Dr. Michael Karin (karinoffice@ucsd.edu).

Materials availability
Further information and request for resources and reagents should be directed to the Lead Contact, Dr. Michael Karin (karinoffice@
ucsd.edu) or Dr. Elsa Sanchez-Lopez (es|023@health.ucsd.edu).

Data and code availability
All data supporting the findings of this study are available within the paper and its supplementary materials. This study did not
generate any unique datasets or code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and primary culture

Macrophage culture and stimulation

Femurs and tibia bones from C57BL/6, p62"" and p624M¥¢ (zZhong et al., 2016), Cmpk2”" and Cmpk24M¥ (generated in house),
Ndsuf4~'~ (kindly provided by Dr. Joshua D. Rabinowitz and Dr. Lifeng Yang), Ampka1~'~ (kindly provided by Dr. Ru Liu-Bryan),
and /I70~'~ mice collected at 8-10 weeks of age (regardless the gender) were used to generate bone-marrow-derived macrophage
(BMDM) as described (Hornung et al., 2008). Macrophages were cultured in high glucose DMEM supplemented with 10% FBS, 20%
L929-cell conditioned medium, and 100 U/mL penicillin-streptomycin for 7-10 days. Immortalized mouse BMDM (iBMDM) were ob-
tained from Dr. Kate Fitzgerald and grown in DMEM supplemented with 10% FBS and 100 U/mL penicillin-streptomycin.

Primary microglia was isolated from BL6 mice as described (Saura et al., 2003). Briefly, confluent mixed glial cultures were subjected
to mild trypsinization (0.05-0.12%) in the presence of 0.2-0.5 mM EDTA and 0.5-0.8 mM Ca?* to detach an intact layer of astrocytes,
leaving attached microglia.

PBMC were isolated from fresh peripheral blood of healthy donors (StemExpress, Inc) by density gradient centrifugation using Ficoll-
Paque PLUS (GE healthcare). PBMC layer was collected and CD14* monocytes were purified by magnetic selection (StemCell Tech-
nology) according to the manufacturer’s protocol. CD14* monocytes, with a final cell density of 10° cells/mL, were cultured in RPMI-
1640 medium with L-glutamine and 25 mM HEPES (Hyclone), supplementation includes 100 ug/mL streptomycin, 100 U/mL penicillin
(Thermo Fisher Scientific), 1X MEM non-essential amino acids (Hyclone), 1X (55uM) 2-Mercaptoethanol (Thermo fisher Scientific) and
10% heat-inactivated fetal bovine serum (Hyclone) and 50 ng/mL human recombinant GM-CSF (R&D systems 215-GM-010). Me-
dium containing GM-CSF was refreshed every 2-3 days by adding half of the initial volume. After 6 days, macrophages were har-
vested with Versene solution (Irvine Scientific cat. 9314) for 30 min (37°C, 5% CO,) and collected by cell scrapping. Cells were re-
suspended in RPMI-1640 media with 2 mM L-glutamine (Thermo Fisher) and supplemented with HEPES (25 mM, Hyclone), 1X
penicillin/streptomycin (Thermo Fisher Scientific) and 1% heat-inactivated fetal bovine serum (Hyclone). 2.5x10* macrophages
were seeded as triplicate wells in 96-well plate in a volume of 150uL per well. After 4 h period of adaptation (37°C, 5% CO,), the indi-
cated dose of metformin (Tocris Bioscience) was added overnight for 16 h. Macrophages were then stimulated with 20 ng/mL of LPS
for 3 h followed by addition of 2 mM ATP (Invivogen) for 30 min. Supernatants were collected and stored at -80°C. Cells were rinsed
with PBS and processed for Caspase 1 activity by flow cytometry.

All macrophages were cultured at 37°C with 5% CO,. NLRP3 inflammasome activation was induced after 4 h priming with ultrapure
LPS (100 ng/mL) by challenge with the NLRP3 activators ATP (4 mM) and nigericin (10 uM) for 1 h, unless otherwise indicated, and
monosodium urate (MSU) crystals (400 pg/mL) and alum (250 pg/mL) for 6 h.

Vero cells culture

African green monkey kidney epithelial cells (Vero-E6, CRL-1586) were obtained from the American Type Culture Collection (ATCC,
Bethesda, MD) and maintained in Dulbecco’s modified Eagle medium (DMEM) supplemented with 5% (v/v) fetal bovine serum (VWR)
and 100 units/mL penicillin-streptomycin (Corning).

Animal studies

Nine weeks-old C57BL/6 male mice purchased from Charles River Laboratories were maintained at a UCSD animal facility until alum-
induced peritonitis and LPS-induced ARDS models were performed. All mouse studies were conducted in accordance with UCSD
and NIH guidelines and regulations for the housing and treatment of laboratory animals using protocols approved by the UCSD Insti-
tutional Animal Care and Use Committee.

Myeloid specific Cmpk2 deficient (Cmpk22™M¢) mice were generated from C57BL/6N- Cmpk2tm1c(KOMP)Wisi/H mice (MRC Har-
well Institute), that harbor a targeted Cmpk27*¢? allele that can be inactivated by Cre-mediated recombination. Cmpk2™*? homo-
zygous (Cmpk2"") mice were crossed with transgenic mice that expressed Cre recombinase under control of the lysozyme M (LysM)
promoter to generate Cmpk22Mve,
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LPS-induced ARDS

Ten- to twelve- weeks-old male C57BL/6 mice, Cmpk2”" and Cmpk22M¥® were subjected to LPS-induced ARDS as described (Yu
et al., 2018). Briefly, 5 mg/kg LPS or vehicle was i.p. injected and the mice were euthanized 8, 24 or 48 h later. Metformin’s prophy-
lactic effect was evaluated by i.p. injections at 10 or 50 mg/kg for three consecutive days with the last dose administered 30 min prior
LPS challenge. Oral metformin prophylactic effect was evaluated by providing 400 mg/kg metformin in the drinking water ad libitum
starting 2 days prior to LPS challenge and until the endpoint. Metformin’s therapeutic effect was studied by i.p. injection at 50 mg/kg
starting 30 min after LPS injection with a second dose given after 24 h. In all cases, at the experimental endpoint the lungs were in-
flated with cold PBS, excised and fixed in 10% formalin for histological evaluation.

Mice were also subjected to metformin pretreatment as above and injected with a lethal LPS dose (30 mg/kg). Survival was monitored
up to 72 h and survival rate was determined by Kaplan Meyer analysis.

Alum-induced peritonitis
Ten- to twelve-weeks old male C57BL/6 mice were i.p. injected with alum (700 mg) or PBS. The mice were pretreated with metformin
at 10 or 50 mg/kg 30 min prior to alum challenge. Peritoneal lavage was collected to measure cytokine amounts by ELISA.

SARS-CoV-2 infection in hACE2 mice

All the in vitro and in vivo experiments with infectious SARS-CoV-2 have been conducted under appropriated biosafety level (BSL) 3
and animal BSL3 (ABSL3) laboratories, respectively, at The Scripps Research Institute (TSRI). Experiments have been approved by
the TSR Institutional Biosafety (IBC) and Animal Care and Use (IACUC) committees. K18 human-ACE2 B6 background male mice
were subjected to intranasal infection with 100 pl volume containing 10,000 PFU of SARS-CoV-2 USA-WA1/2020 strain (Gen Bank:
MN985325.1) following gaseous sedation in an isoflurane chamber. Mice were pretreated with vehicle or 50 mg/kg metformin daily
starting 2 days before infection. Some mice were mock infected, treated with vehicle and used as healthy controls for scoring pur-
poses. Body weight and general health status was monitored daily during the course of the experiment. At day 5 post-infection mice
were euthanized by overdose of isoflurane and lung were inflated with 10% formalin for histopathological assessment.

METHOD DETAILS

shRNA lentiviral silencing

ATG7 and AMPKa1 shRNA silencing were done by lentiviral transduction of iBMDM or primary BMDM as described (Sanchez-Lopez
etal., 2019). Sequences of specific shRNAs used in this study were obtained from the MISSION shRNA Library (Sigma). Viral particles
were generated in HEK293T cells using VSV-G and pLV- CMVAB8.9 plasmids and specific shRNAs. Supernatants were collected 48 h
after transfection, filtrated through a 0.45-micron pore filter and added to iBMDM or primary BMDM. To increase infection efficiency,
8 pg/mL of polybrene were added. Virus containing medium was washed after 6 h and the cells were cultured with fresh medium.
Infected cells were expanded and selected with puromycin at 72 h post-transduction.

Generation of SARS-CoV-2 USA-WA1/2020 viral stock

SARS-CoV-2 USA-WA1/2020 natural isolate was obtained from BEI Resources (NR- 52281) and amplified on Vero E6 cells.
Briefly, Vero-E6 cells were plated in T75 flasks with complete DMEM containing 10% FBS, 1X PenStrep, 2 mM L- Glutamine
ON at 37 C 5% CO, The media in the flask was removed and SARS-CoV-2 strain USA-WA1/2020 (BEI Resources NR-
52281) diluted (final volume 2 ml) in complete DMEM containing 2% FBS and added to the flask (MOI of 0.5) and was allowed
to adsorb for 60 min at 37 C 5% CO," After adsorption, the inoculum was removed and 15 mL of complete DMEM containing
2% FBS was added to the flask. Infection was allowed to proceed at 37 C 5% CO, for 72 h. Supernatant was harvested and
clarified at 1,000 xg for 5 min.

Clarified supernatant was filtered through a 0.22 uM filter and stored at —80 C. To determine virus titers Vero E6 cells (10° cells/well, 6-well
plate format, triplicates) were infected with ten-fold serial dilutions of viral samples for 1 h at 37°C. After viral adsorption, cells were over-
laid with post-infection media containing 1% low melting agarose and incubated at 37°C. At 72 h pi, cells were fixed ON with 10% form-
aldehyde solution. The agarose plug was removed, and the fixed monolayer stained with 0.4% crystal violet in 20% methanol.

Protein immunoblotting

Mitochondria were isolated using Mitochondria Isolation kit. Nuclear and cytosolic fractions were obtained using NE-PER Nuclear
and Cytoplasmic Extraction Reagents. Whole cell lysates were prepared in RIPA buffer (25 mM Tris-HCI pH 7.6, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS) containing a protease inhibitor cocktail (Roche, 11836153001) and a phosphatase
inhibitor cocktail (Sigma-Aldrich, P5726). Protein concentrations were determined using BCA Protein Assay Kit (Pierce, 23225). Equal
amounts of protein were separated by SDS-PAGE and transferred onto PVDF membranes, blocked in 5% BSAin 1XTBST for 1 hand
incubated with indicated antibodies overnight. Secondary antibodies were added for 1 h and detection was done using Clarity West-
ern ECL Substrate (Biorad).
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ELISA (Enzyme-linked immunosorbent assay)

Paired antibodies (capture and detection) and standard recombinant mouse IL-18 (R&D Systems), and TNF and IL-6 (eBioscience)
were used to determine mouse cytokine concentrations according to manufacturer’s instructions.

Human 41-plex Luminex kit (EMD Millipore) was used to determine human cytokine and chemokine release by human macrophages
according to the manufacturer’s protocol. Samples were captured in the MAGPIX (Luminex XMAP Technology) using the XPONENT
software. Raw data were analyzed with MasterPlex software using best fit curve method for each analyte and concentrations were
calculated (pg/mL).

Caspase-1 ZYAD FLICA staining

Stimulated macrophages were rinsed with PBS, and Caspase 1 activity detected with 1:60 dilution Caspase 1 FLICA dye (660-YVAD-
FMK, Immunochemistry technologies, LLC) per manufacturer’s instructions alongside GhostRED Live dead marker (Tonbo) for
30 min at 37°C. After staining, the cells were PBS rinsed, detached with Versene for 30 min on ice, resuspended in PBS and fluores-
cence intensity measured by flow cytometry on FACS CANTO Il (BD biosciences). Data was analyzed in FloJo software after live
singlet gating and Median florescent intensity (MFI) of each channel exported to excel and graphed in Prism.

RNA isolation and quantitative real-time PCR (QPCR)

RNA was extracted using AllPrep DNA/RNA Mini kit, and cDNA was synthesized using SuperScript VILO cDNA Synthesis Kit. mRNA
expression was determined by QPCR in a CFX96 thermal cycler (Biorad) as described (Zhong et al., 2016). Data are presented in
arbitrary units and calculated by the 2A(-AACT) method. Primer sequences were obtained from PrimerBank site (https://pga.mgh.
harvard.edu/primerbank/) http://mouseprimerdepot.nci.nih.govand provided by Integrated DNA technologies.

Chromatin immunoprecipitation assays

Cells were fixed using 0.75% formaldehyde for 10 min followed by 0.125 M glycine to stop the crosslinking reaction. After 5 min at
room temperature, ice-cold PBS was added to the flasks and cells were scraped on ice, washed three times with PBS and then lysed
for 10 min in A buffer (50 mM Tris, pH 8.0, 2 mM EDTA, 0.1% Nonidet P-40 and 10% glycerol) supplemented with containing a pro-
tease inhibitor cocktail (Roche, 11836153001) and a phosphatase inhibitor cocktail (Sigma-Aldrich, P5726). Nuclei were pelleted at
1,000 xg in a cold microfuge and resuspended in B buffer (50 mM Tris, pH 8.0, 5 mM EDTA and 1% SDS plus inhibitors). Chromatin
was then sheared by sonication (six rounds of 15 s pulses each, at 50% of the maximum potency of ultrasonic homogenizer), centri-
fuged to pellet debris and finally 10x diluted in dilution buffer (50 mM Tris, pH 8.0, 0.5% Nonidet P-40, 0.2 M NaCl and 5 mM EDTA).
Nuclear extracts were immunoprecipitated with respective antibodies. The co-immunoprecipitated material was then subjected to
gPCR analysis using specific primers.

Immunofluorescence and confocal microscopy

BMDM were fixed in 4% paraformaldehyde (PFA), permeabilized in 0.02% Triton X-100, and blocked in 1x PBS supplemented with
2% BSA and 5% normal horse serum. Primary antibodies were incubated in blocking buffer at 4°C overnight. Secondary Alexa an-
tibodies from Life Technologies or Jackson Immuno Research Laboratories were added for 1 h. Nuclei were counterstained with
DAPI. Samples were imaged through a Leica SP5 confocal microscope.

To image mtDNA synthesis, BMDM were stimulated with LPS (1 pg/mL) for 4 h in the presence of 10 uM EdU. Cells were then washed
twice with sterile PBS and fixed in 4% PFA for 15 min followed by permeabilization with 0.02% Triton X-100 for 10 min. EdU staining
was performed using a Click-iT EAU Microplate Assay Kit (Thermo Fisher Scientific). In brief, BMDM were postfixed in EAU fixative for
5 min, and equal volumes of the EdU reaction cocktail, which was prepared immediately before use, were added to each chamber
and left overnight. Primary antibody against the mitochondrial marker Atp5b was included in the EdU reaction cocktail. The next day,
the BMDM were washed three times with PBS followed by incubation with secondary Alexa antibodies from Life Technologies or
Jackson Immuno Research Laboratories. DAPI was used for nuclear counterstaining.

Histological evaluation and immunohistochemistry

Lungs were fixed in 10% formalin for 24 h and embedded in paraffin, sectioned and stained with hematoxylin and eosin (H&E) to
evaluate gross morphology and lung damage and inflammation; and with Sirius red to determine collagen buildup. Ten to twelve
H&E-stained sections from each animal were scored for the degree of lung inflammation and damage by two blinded mouse lung
pathology experts as described (Jupelli et al., 2013), and the scores were averaged. Briefly, the degree of lung inflammation was as-
signed an arbitrary score of 0 (hormal=no inflammation, no airway thickening, no edema), 1 (minimal cellular infiltration, and minimal
edema), 2 (mild-moderate cellular infiltration, plus mild airway thickening and mild edema), 3 (severe cellular infiltration, plus diffuse
airway thickening and severe edema) in 10-12 fields per mouse.

Lung sections were subjected to incubation with antibodies specific for F4/80 (macrophage marker), myeloperoxidase (MPO, neutro-
phil marker), C/EBPB, NFATc2 and NFATc3. Stained areas were quantified using ImagedJ software.

NLRP3 inflammasome activation in the lung was detected by immunofluorescence co-staining with F4/80 and ASC antibodies.
Briefly, lung sections were hydrated and boiled at 96°C in citrate buffer 1x for 20 min. Sections were blocked with 2% BSA/
PBS1x containing 1% normal horse serum for 1 h at room temperature. F4/80 and ASC antibodies were incubated in blocking
solution overnight at 4°C. After washing, Alexa secondary antibodies were added, and the sections were incubated in 2%
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BSA/PBS1x for 1 h at room temperature. Sections were washed, incubated with DAPI, and mounted using FluoSave. Sections
were imaged through a Leica SP5 confocal microscope. The percentage of F4/80* cells with ASC specks were quantified in
18-26 high magnification fields from 4-5 mice per group.

LC-MS/MS for measuring metformin concentration in plasma

Metformin has high apparent volume of distribution and the protein binding is negligible. Therefore, simple protein precipitation was
utilized for plasma metformin extraction. Pooled mice plasma (CD-1 (ICR) MSEOOPLK2, BiolVT) was selected as blank matrix for
standards and quality control samples. Sample preparation procedure was adopted from literatures with minor modifications. In
brief, to 20 pL of blank pooled plasma or mouse plasma samples, 20 uL of 50% methanol-water or standard solutions were added
followed by addition of 360 L of ice-cold acetonitrile solution containing IS (111 nM metformin-D6). The samples mix were vortexed
for 2 min then sonicated for 1 min and centrifuged at 6100 g for 10 min. Supernatants were transferred into a new set 96- well plate,
and 10 pL were injected for LC-MS/MS analysis. A 2 ng/mL metformin stock solution was prepared in 50% methanol-water. The
solution was then serially diluted with 50% methanol-water to obtain standard working solutions over a concentration range of
10-2000 ng/mL. The quality control (QC) samples were prepared in three concentrations: 10, 100, and 500 ng/mL.

LC-MS/MS system was performed using an Agilent 1290 Infinity HPLC and HiP ALS (Autosampler) coupled with AB Sciex 6500 Q-
Trap mass spectrometer. All data were acquired using Analyst (AB SCIEX v1.7.1). Metformin from mice plasma samples were sepa-
rated on a Waters XBridge Amide column (2.1 x 150 mm, 3.5 um) at 40°C. The mobile phase A was 20 mM ammonium acetate buffer
in water and 100% acetonitrile as mobile phase B. A total 7 min gradient run with a flow rate of 0.8 mL/min was implemented. The
chromatographic runs started with 95% mobile phase B for 2 min, then gradually increased mobile phase A from 5% to 95% in
1.5 min, kept the phase A at 95% for 1 min and reduced to 5% in 1.5 min, finally equilibrate the column at 95% phase B for
2 min. The mass spectrometer was operated in a positive mode using scheduled multiple reaction morning (sMRM). The ion source
parameters were as follow: curtain gas (CUR) at 37, collision gas (CAD) at high, ionspray voltage (IS) at 5 kV, temperature (TEM) at
500, ion source gas 1 (GS1) at 60, ion source gas 2 (GS2) at 50, MRM detection window at 120 s, target scan time (per sMRM expt) at
0.15 s, the retention time (RT) for both metformin and metformin-D6 were at 3.26 min, Q1 were 130.2 and 136.2 for metformin and
metformin-D6 respectively, Q3 was 60.2, declustering potential (DP) at 100, collision energy (CE) at 13, entrance potential (EP) at 10,
and collision cell exit potential (CXP) at 17.

Immunofluorescence and analysis of lung samples from human autopsies

Tissues were obtained from autopsy of 11 patients with PCR confirmed SARS-CoV-2 and death due to COVID-related pneumonia
and diffuse alveolar damage. Lung tissue from 3 patients with death due to non-pulmonary-related causes and no evidence of pneu-
monia or other pulmonary histopathological abnormalities were used as control. Tissues were fixed in 10% buffered formalin and
paraffin embedded (FFPE). Immunofluorescence staining was performed on the Ventana Discovery Ultra instrument (Roche). Tissue
sections were deparaffinized and antigen retrieval was performed using citrate buffer (pH = 8.0) at 72 °C (CC1; Roche). Tissue sec-
tions were first probed with rabbit anti-ASC (AG-25B-0006, AdipoGen) followed by anti-Rabbit HRP (760-4311, Roche) and fluores-
cent visualization using tyramide signal amplification (Red610, Roche). Residual peroxidase was blocked (760-4840, Roche), fol-
lowed by application of mouse anti-CD68 (KP-1, Roche), OmniMap anti-mouse HRP (Roche) and visualization using Discovery
Rhod6G (Roche). Representative immunofluorescence images were acquired using a Leica DMi8 microscope and for analysis the
slides were scanned using a Zeiss AxiosScan Z1. Staining and imaging were performed by the Cedars-Sinai Biobank and Transla-
tional Research Core. ASC speck quantification was performed using open source QuPath software (version 0.2.3) (Bankhead
etal., 2017).

Mitochondrial function

Mitochondrial membrane potential was measured using TMRM according to manufacturer’s instructions. Briefly, BMDM were
primed or not with LPS for 4 h, and further stimulated with ATP or nigericin for 30 min. Cells were incubated with 200 nM TMRM
for 30 min at 37°C. After washing twice, fluorescence intensity was determined per manufacturer’s instructions using a FilterMax
F5 multimode plate reader (Molecular Devices). Mitochondrial reactive oxygen species (mtROS) were measured using MitoSOX (In-
vitrogen) as described (Sanchez-Lopez et al., 2019). Metformin-pretreated BMDM were primed with LPS for 4 h and stimulated with
NLRP3 inflammasome activators for 30 min. Cells were loaded with 4 uM MitoSOX for 20 min. After washing with PBS twice, cells
were resuspended in PBS and counted. Equal numbers of cells from different treatment groups were then plated onto 96-well plates
for fluorescence reading to minimize variation among treatment groups.

Fluorescence intensity was determined at 510/580 nm using a FilterMax F5 plate reader (Molecular Devices). Cellular ATP was
measured after 4 h LPS stimulation using CellTiter-Glo Luminescent Assay (Promega) as described (Ip et al., 2017).

Measurement of total mtDNA

Macrophages were primed with LPS (200 ng/mL) for 4 h, with or without 0.5 mM metformin pre-treatment for overnight. Total DNA
was isolated using Allprep DNA/RNA Mini Kit (catalog 80204, QIAGEN) according to manufacturer’s instructions. mtDNA was quan-
tified by gPCR using primers specific for the mitochondrial D-loop region, cytochrome c oxidase (Cox17) or a specific region of mtDNA
that is not inserted into nuclear DNA (non-NUMT) (Zhong et al., 2018). Nuclear DNA encoding Tert, 18S ribosomal RNA and B2m was
used for normalization.
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Cellular fractionation and measurement of cytosolic mtDNA

Metformin-treated BMDM were primed with LPS and stimulated with NLRP3 inflammasome activators. Cellular fractionation was
performed using Mitochondrial Isolation kit (89874, ThermoScientific) according to manufacturer’s instructions. Cytosolic mtDNA
was analyzed as described (Nakahira et al., 2011). For the measurement of Ox-mtDNA, mtDNA was first purified using Allprep
DNA/RNA mini kit (QIAGEN) from the cytosolic fraction of BMDM as described above. The 8-OH-dG content of the mtDNA was
then quantified using an 8-OHdG quantification kit (ab201734), per manufacturer’s instructions.

POLYy activity assay

Macrophages were pre-treated with 0.5 mM metformin overnight, followed by LPS (200 ng/mL) priming for 4 h. Whole cell lysates
were prepared in RIPA lysis buffer and POLy activity was measured using DNA Polymerase Gamma Assay Kit (ProFoldin,
DPG100K) per manufacturer’s instruction.

QUANTIFICATION AND STATISTICAL ANALYSIS
Data are shown as average + SD or average + SEM, as indicated. Statistical significance was determined using two-tailed Student’s t
test, and p values lower than 0.05 were considered statistically significant. For mouse data analysis, Mann-Whitney test was used

when comparing two groups and ANOVA Kruskal-Wallis test when all groups were compared to each other. GraphPad Prism 8
was used for statistical analysis and graphing.
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