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Mitochondrial dysfunction is a key driver of inflammatory responses in human disease. However, it remains
unclear whether alterations in mitochondria-innate immune cross-talk contribute to the pathobiology of mito-
chondrial disorders and aging. Using the polymerase gamma (POLG) mutator model of mitochondrial DNA instability,
we report that aberrant activation of the type | interferon (IFN-I) innate immune axis potentiates immunometabolic
dysfunction, reduces health span, and accelerates aging in mutator mice. Mechanistically, elevated IFN-I signaling
suppresses activation of nuclear factor erythroid 2-related factor 2 (NRF2), which increases oxidative stress, en-
hances proinflammatory cytokine responses, and accelerates metabolic dysfunction. Ablation of IFN-I signaling
attenuates hyperinflammatory phenotypes by restoring NRF2 activity and reducing aerobic glycolysis, which
combine to lessen cardiovascular and myeloid dysfunction in aged mutator mice. These findings further advance
our knowledge of how mitochondrial dysfunction shapes innate immune responses and provide a framework for
understanding mitochondria-driven immunopathology in POLG-related disorders and aging.

INTRODUCTION

An expanding body of literature indicates that mitochondria are
key regulators of the mammalian innate immune response, with
both beneficial and deleterious consequences for the host (I). Mito-
chondria serve as antiviral signaling hubs and facilitate antibacterial
immunity by generating reactive oxygen species (ROS), but they
can also promote inflammation following cellular damage and
stress (2-5). Recent work has demonstrated that mitochondrial
DNA (mtDNA) is a potent agonist of nucleic acid sensors of the
innate immune system, including Toll-like receptor 9 (TLR9),
NOD-like receptor family pyrin domain containing 3 (NLRP3), and
cyclic GMP-AMP synthase (cGAS) (6, 7). The cGAS-stimulator of
interferon genes (STING) axis is now recognized as a major driver
of type I interferon (IFN-I) and inflammatory responses to nuclear
and mitochondrial genome instability, and the aberrant release of
mtDNA from damaged cells and tissues is increasingly linked to a
growing list of human diseases (6, 8-10).

Mitochondrial diseases (MD) are a group of clinically heteroge-
neous disorders caused by inherited mutations in genes that func-
tion in oxidative phosphorylation (OXPHOS) and mitochondrial
metabolism (11, 12). In addition to exhibiting metabolic and ener-
getic deficits, patients with MD are more susceptible to opportu-
nistic pathogens and also suffer elevated complications arising from
these infections (13-15). Although B and T cell immunodeficien-
cies can contribute to recurrent infections in MD (16), compara-
tively little is known about innate immune dysregulation in patients
and/or murine models. Hyperactivation of the innate immune sys-
tem is a key feature of sepsis, systemic inflammatory response syn-
drome (SIRS), and acute respiratory distress syndrome, all of which
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occur more frequently in patients with MD (14, 15). Given the
established and emerging links between mitochondria and innate
immunity, persistent mitochondrial dysfunction in MD could basally
activate or rewire the innate immune system. This could occur as loss
of mitochondrial integrity and/or quality control liberates mito-
chondrial damage-associated molecular patterns, such as mtDNA,
which engage the innate immune signaling and promote inflamma-
tory responses that synergize with metabolic impairments to drive
pathology. Accordingly, elevated inflammatory cytokines have been
observed in patients with Alpers-Huttenlocher syndrome and mouse
models of primary mitochondrial disorders, suggestive of heightened
innate immune activation (17, 18).

The mitochondrial polymerase gamma (POLG) enzyme has
DNA polymerase and 3" — 5" DNA exonuclease activities, and
nearly 250 pathogenic mutations in POLG have been linked to dis-
eases including primary MD, parkinsonism, and cancer (19-22).
Mutations in POLG represent the most prevalent single-gene cause
of MD and are implicated in a range of disorders including Alpers-
Huttenlocher syndrome, ataxia neuropathy spectrum, and pro-
gressive external ophthalmoplegia, all of which are characterized by
multiple organ pathology with varying degrees of nervous, muscu-
lar, digestive, and endocrine system involvement. In recent years,
several mouse models of POLG-related disease have been reported,
the most well studied of which is the POLG mutator mouse (23, 24).
These knock-in mice contain D257A substitutions in the exonucle-
ase domain, and animals homozygous for the mutant alleles exhibit
disrupted exonuclease function and elevated mtDNA instability
(i.e., accumulation of mtDNA point mutations, linear fragments,
and deletions) (25). Because of the continued accumulation of mu-
tations over time and the variability of mtDNA instability across
cells and tissues (26), POLG mutator mice are not considered a
bona fide model of any particular human MD. However, these ani-
mals present pathology that mirrors aspects of human MDs, includ-
ing cardiomyopathy, progressive anemia, and sensorineural hearing
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loss. POLG mutator mice also display premature aging between 6
and 9 months, characterized by alopecia, osteoporosis, kyphosis,
and decreased body weight, and consequently die between 13 and
15 months of age (23, 24, 27). Mitochondrial dysfunction and in-
flammation are key features of aging (28), yet whether the innate
immune system contributes to POLG-related disease phenotypes
and premature aging of mutator mice is unknown.

Here, we report that mutator mice exhibit a hyperinflammatory
innate immune status that is driven by chronic engagement of the
cGAS-STING-IFN-I axis. Persistent IFN-I signaling represses
nuclear factor erythroid 2-related factor 2 (NRF2) activity, which
increases oxidative stress and aerobic glycolysis that potentiate in-
flammation and age-related pathology in these animals. Our find-
ings indicate that IFN-I signaling is a key driver of innate immune
rewiring and multiorgan pathology in mutator mice and provide a
strong rationale for more broadly examining IFN-I dysregulation in
mitochondrial disorders and aging.

RESULTS

Innate immune hyperresponsiveness of POLG mutator mice
is regulated by monocyte and neutrophil expansion

To begin to characterize innate immune alterations in the POLG
mutator model of mtDNA disease, we used a lipopolysaccharide
(LPS)-induced endotoxemia model and monitored circulating cy-
tokines and survival after challenge. Both 6- and 12-month-old
mutator cohorts succumbed faster to intraperitoneal LPS challenge
(Fig. 1A and fig. S1C). In line with a more rapid mortality rate, we
detected elevated levels of proinflammatory cytokines, chemokines,
and IFN-Is in the plasma of LPS-challenged mutator mice at all ages
compared to wild-type (WT) littermates (Fig. 1B and fig. S1, A and
B), consistent with a prior report (29).

As circulating leukocyte populations are key mediators of the
cytokine storm that contributes to endotoxin shock, we next exam-
ined the blood cell composition of 12-month-old cohorts. Although
aged mutator mice exhibited B and T cell lymphopenia (fig. S1, D
and E) (30, 31), we noted a substantial expanswn of innate immune
cell types, namely, monocyte (CD11b"Ly6C™) and neutrophil
(CD11b*Ly6G") populations, by flow cytometry (Fig. 1, C to F).
We also observed increases in steady-state tumor necrosis factor-o
(TNFa) and monocyte chemoattractant protein 1 (MCP-1/CCL2)
in the plasma of aged mutators (fig. S1F). To next identify the
sources of TNFa at baseline and after challenge, we used intracellu-
lar staining and multiparameter flow cytometry. B and T cell popu-
lations in mutator mice did not express higher levels of intracellular
TNFa before or after ex vivo LPS stimulation (fig. S1G). However,
CD11b" cells expressed more TNFo, and interleukin-6 (IL-6) after
challenge (Fig. 1, G and J, and fig. S1H). Quantltatlon across multi-
ple experiments revealed that CD11b*Ly6C™ inflammatory mono-
cytes in mutator blood had the greatest intracellular TNFo intensity,
both at rest and after LPS stimulation (Fig. 1, G to I). Although
CD11b*Ly6G* neutrophils were also more numerous in the
mutator blood, their TNFa intensity was roughly 100-fold lower
(Fig. 1,] to L), indicating that inflammatory monocyte expansion is
most likely responsible for the elevated levels of plasma cytokines
at rest and after TLR4 engagement. Similar expansion and elevated
TNFa positivity were observed in monocyte and neutrophil lineage
cells in the bone marrow of mutator mice (fig. S1, I and J). Last, oral
infection of 9- to 10-month-old cohorts with Listeria monocytogenes
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resulted in notably higher proinflammatory cytokine levels in
mutator plasma at day 3 (fig. S1K) but less bacterial dissemination
to the spleen and liver at day 5 after infection (ﬁg S1L). These
results are consistent with prior findings that Ly6C inflammatory
monocytes predominantly control oral Listeria infection (32) and,
together, suggest that CD11b* myeloid cell expansion and innate
immune reprogramming drive systemic hyperinflammatory responses
in mutator mice.

STING regulates enhanced IFN-I and proinflammatory
responses in POLG mutator macrophages

To define the underlying signaling pathways that shape innate im-
mune hyperresponsiveness in mutator mice, we performed RNA
sequencing (RNA-seq) analysis of primary bone marrow-derived
macrophages (BMDMs) and peritoneal macrophages (PerMacs) at
rest and after LPS challenge. Pathway analysis of RNA-seq datasets
revealed notable elevations in IFN/IFN regulatory factor (IRF), Janus
kinase (JAK)/signal transducers and activators of transcription (STAT),
and nuclear factor kB (NF-«B) signaling, as well as increased glyco-
lytic metabolism and reactive oxygen and nitrogen species produc-
tion in mutator macrophages (fig. S2A). Gene expression profiling
of mutator macrophages revealed an enrichment of IFN-stimulated
genes (ISGs) (Fig. 2, A and B), which was confirmed by quantitative
reverse transcription polymerase chain reaction (QRT-PCR) analy-
ses (Fig. 2, C and D, and fig. S2, B and C). Mutator macrophages
also displayed augmented Tnfa and Il11b RNA (Fig. 2, E and F), as
well as TNFa and IL-6 protein levels (Fig. 2, G and H), agreeing
with the intracellular cytometry data of Fig. 1. Moreover, mutator
macrophages produced higher levels of nitrite after LPS and IFNy
costimulation data (Fig. 2I), confirming pathway analysis of RNA-
seq data. Last, IFN stimulatory DNA (ISD) transfection to directly
engage cGAS-STING revealed elevated ISG and proinflammatory
cytokine expression in mutator BMDM:s (Fig. 2]), demonstrating
that POLG mutator macrophages are broadly hyperresponsive to
multiple innate immune stimuli.

STING is a key mediator of IFN-I and proinflammatory re-
sponses induced by cytosolic and extracellular mtDNA (6, 7), and
ablation of STING can limit mtDNA-driven inflammation in mouse
models of acute kidney injury and Parkinson’s disease (33-35). We
observed that aged POLG mutator mice have markedly more cir-
culating, cell-free mtDNA in the plasma, and we also noted that
LPS-challenged mutator BMDM s liberate more mtDNA into the cul-
ture medium (fig. S2, D and E). We therefore reasoned that mtDNA
instability and release in POLG mutator macrophages might drive
constitutive IFN-I via the cGAS-STING pathway, leading to elevated
proinflammatory responses after LPS. Notably, we observed that
macrophages from POLG mutators crossed onto a STING-deficient
background had lower ISG expression (fig. S2, F and G), as well as
lower TNFa. secretion (fig. S2H), when compared to STING-sufficient
mutators. Together, our data suggest that mtDNA instability and
release in POLG mutators engage STING, which potentiates mac-
rophage activation to subsequent innate immune challenge.

The cGAS-STING-IFN-I signaling axis regulates monocyte
and neutrophil expansion and hyperinflammatory
responses in mutator mice

The early, inflammatory phase of septic shock is characterized by
leukocyte activation and secretion of proinflammatory cytokines such
as TNFa, IL-6, and IL-1p (36). IFN-I can exacerbate inflammation
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Fig. 1. POLG mutator mice exhibit a hyperinflammatory phenotype to LPS challenge due to increased CD11b* myeloid cells in the blood. (A and B) Twelve-
month-old WT (n=8) and POLG (n=7) mice were challenged with LPS [50 mg/kg by intraperitoneal (i.p.) injection]. Kaplan-Meyer survival analysis was performed (A).
Plasma cytokine profiles were determined by multianalyte bead-based immunoassay on n > 6 biological samples per group (B). Log-rank (Mantel-Cox) test was used to
compare percent survival between different groups. (Cand D) CD11 bJ’Ly6Chi inflammatory monocyte population in whole blood from 12-month-old WT and POLG mice
was evaluated by flow cytometry. Pseudo-color plots are representative of four independent experiments (C), and quantification of the percentage of CD11b*Ly6C" cells
is shown in (D). (E and F) CD1 1b+Ly6G+ blood neutrophil population in 12-month-old WT and POLG mice was determined by flow cytometry. Pseudo-color plots are
representative of four independent experiments (E), and quantification of the percentage of CD11b*Ly6G" cells is shown in (F). (G to I) CD11b*Ly6C" TNFa* inflammatory
monocyte population in unstimulated (C) or LPS-challenged (L) whole blood from 12-month-old WT and POLG mice was evaluated by flow cytometry. Histograms are
representative of four independent experiments (G). Quantification of CD11 bJ’Ly6ChiTNFoz+ mean fluorescent intensity (MFI) is shown in (H), and the percentage of
CD11b*Ly6C"TNFo* cells is shown in (). (J to L) CD11b*Ly6G TNFa* neutrophil population in unstimulated or LPS-challenged whole blood from 12-month-old WT and
POLG mice was evaluated by flow cytometry. Histograms are representative of four independent experiments (J). Quantification of CD11b*Ly6G*TNFa* MFI is shown in
(K), and the percentage of CD11 bJ’Ly6GJ’TNFo¢+ neutrophils is shown in (L). Unless stated, statistical significance was determined using unpaired Student’s t test after
Shapiro-Wilk normality test. *P < 0.05, **P < 0.01, and ***P < 0.001. Error bars represent SEM.

in response to TNFo. (37) and contributes to mortality in LPS-induced
sepsis (38). Because we noted increased IFN-I secretion after LPS
challenge (Fig. 1B) and more mtDNA was present in the plasma of
aged POLG mutators (fig. S2D), we explored whether cGAS-STING
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signaling contributes to increased mortality after intraperitoneal
LPS challenge. We observed delayed LPS-induced mortality (Fig. 3A)
and markedly lower plasma cytokine levels in mutator mice lacking
cGAS or STING (Fig. 3B). In line with a role for IFN-I signaling in
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Fig. 2. POLG mutator macrophages exhibit enhanced IFN-I and proinflammatory responses after innate immune stimulation. (A and B) Heatmaps of RNA-seq
data displaying most up-regulated ISGs in POLG mutator PerMacs (A) and BMDM s (B) at baseline and after LPS challenge (200 ng/ml for 6 hours). Log, fold changes (Log, FC)
are relative to WT controls. (C to F) gRT-PCR analysis of ISG and proinflammatory cytokine expression in WT and POLG PerMacs (C and E) and BMDM (D and F) after 4 or 6 hours
of LPS stimulation. (G and H) Proinflammatory cytokine secretion in WT and POLG PerMacs (G) or BMDMs (H) after 4 hours of LPS stimulation (20 ng/ml). (I) Nitrite
levels in WT and POLG BMDM after 17 hours of LPS (20 ng/ml) + IFNy (50 ng/ml) treatment. (J) gRT-PCR analysis of ISGs and cytokine expression in WT and POLG BMDM: s after
4 hours of ISD transfection (2 ug/ml). Statistical significance was determined using unpaired Student’s t tests. *P < 0.05, **P < 0.01, and ***P < 0.001. Error bars represent SEM.

driving hyperinflammatory responses to LPS, aged mutator mice
lacking IEN-I receptor subunit 1 (Ifnar ") also had lower circulat-
ing levels of many cytokines compared to mutator mice alone
(Fig. 3B, rightmost columns).

IFN-I signaling is known to drive peripheral myeloid expansion

in murine models of lupus and can modulate Ly6Chi inflammatory

Lei et al., Sci. Adv. 2021; 7 : eabe7548 26 May 2021

monocyte recruitment in both infectious and sterile diseases (39-43).
To next assess whether cGAS-STING-IFN-I activation governs
increased peripheral myeloid expansion in mutator mice, we exam-
ined CD11b*Ly6C" monocyte and CD11b*Ly6G* neutrophil
populations in double mutant cohorts. Notably, CD11b"Ly6C™
inflammatory monocyte numbers were progressively lower in
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Fig. 3. The cGAS-STING-IFN-I signaling axis regulates inflammatory monocyte expansion and elevated cytokine secretion in POLG mutator mice. (A and
B) Twelve-month-old WT, POLG, POLG cGAS™ -, POLG Sting’/ ~,and POLG Ifnar™~ (n=5 to 8 per group) mice were intraperitoneally injected with LPS (50 mg/kg). Kaplan-Meyer
survival analysis was performed (A). Plasma was collected at indicated time points (n>6 at 2 hours and n =4 at 6 hours) and subjected to multianalyte cytokine analysis
(B). Statistical comparisons in (B) were made against LPS-injected POLG mice. Log-rank (Mantel-Cox) test was used to compare percent survival between different groups.
(Cand D) CD11 bJ’Ly6Chi inflammatory monocyte population in whole blood from 12-month-old mice was evaluated by flow cytometry. Pseudo-color plots are represent-
ative of four independent experiments (C), and quantification of the percentage of CD11b*Ly6C" cells is shown in (D). (E and F) CD11b*Ly6C"TNFa* inflammatory mono-
cyte population in unstimulated or LPS challenged whole blood from 12-month-old cohorts was evaluated by flow cytometry. Quantification of CD11b*Ly6C"TNFa* MFI is
shown in (E), and the percentage of CD11 b+Ly6ChiTNFa+ cells is shown in (F). Unless stated, statistical significance was determined using analysis of variance (ANOVA) and

Tukey post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. Error bars represent SEM.

cGAS-, STING-, and IFNAR-deficient mutators (Fig. 3, C and D),
while blood neutrophil abundance was also decreased (fig. S3, A
and B). Moreover, both CD11b"Ly6C" monocytes (Fig. 3, E and F) and
CD11b'Ly6G" neutrophils (fig. $3, C and D) from IFNAR-deficient
mutators produced less TNFa after ex vivo LPS challenge. In addi-
tion, TNFa'IL-1B" double-positive leukocytes were decreased in
IFNAR-deficient mutator blood after LPS challenge (fig. S3E), and the
elevated percentage of CD11b"Ly6CM"TNFa* cells in LPS-stimulated
mutator bone marrow was ablated by IFNAR knockout (fig. S3F).
Collectively, these results suggest that sustained cGAS-STING-IFN-I
signaling in POLG mutator mice promotes peripheral myeloid ex-
pansion and innate immune rewiring that potentiates systemic in-
flammatory responses and increases mortality to LPS challenge.

Lei et al., Sci. Adv. 2021; 7 : eabe7548 26 May 2021

Antioxidant and anti-inflammatory NRF2 signaling is
suppressed in POLG mutator macrophages

To next define the mechanisms underlying elevated ISG and proin-
flammatory cytokine expression in mutator monocytes and macro-
phages, we assayed key steps in NF-kB, IRF, and STAT1 activation
during a 24-hour LPS time course. Although pathway analysis sug-
gested potentiated signaling in mutator macrophages (fig. S2A), the
kinetics of NF-kB, IRF, and STAT1 activation were nearly identical
between WT and mutator BMDMs following LPS treatment (fig.
S4A). However, in agreement with RNA-seq data implicating ele-
vated glycolytic metabolism, we observed a marked increase in the
extracellular acidification rate (ECAR) and decreased basal and
maximal oxygen consumption rates (OCRs) in mutator BMDMs
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(fig. S4, B and C). This suggested metabolic reprogramming away
from mitochondrial respiration to glycolysis for enhanced inflam-
matory M1 macrophage activation. A recent study reported that the
NREF?2 transcription factor interferes with LPS-induced cytokine
gene expression and is therefore a major transcriptional repressor
of M1 macrophage polarization and inflammation (44). Our RNA
profiling indicated that numerous NRF2-target genes were tran-
scriptionally repressed in mutator macrophages (Fig. 4A and fig. S2A).
In agreement, analysis of endogenous NRF2 by quantitative fluores-
cent microscopy revealed markedly lower nuclear translocation in
LPS-stimulated POLG mutator macrophages (Fig. 4, B to D).

To next explore whether NRF2 suppression contributes to hy-
perinflammatory phenotypes in mutator macrophages, we used
three pharmacological approaches to enhance NRF2 activity
(45-48). Treatment of PerMacs with KI1696, 4-octyl-itaconate, and
dimethyl fumarate (DMF) restored NRF2 target gene expression
(Fig. 4E and fig. $4D), suppressed TNFa and IL-6 hyperproduction
(Fig. 4, F and G, and fig. S4E), and reduced ISGs in mutator macro-
phages (fig. S4F). We noted that Kelch-like ECH-associated protein 1
(KEAP1) protein was elevated in mutator macrophages after LPS
stimulation (Fig. 4H and fig. S4F). Therefore, we directly targeted
KEAP1 in BMDMs by small interfering RNA (siRNA) knockdown
and observed a decrease in TNFa after LPS challenge, which was more
pronounced in mutator macrophages (Fig. 4I). DMF also limits aerobic
glycolysis and lowers cytokine secretion from activated macrophages
by inactivating glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(47). Accordingly, DMF reduced the elevated GAPDH protein ex-
pression in PerMacs from mutator mice (fig. S4F), while also reducing
aerobic glycolysis in both WT and mutator macrophages (fig. S4G).
Together, these data indicate that NRF2 suppression and augmented
aerobic glycolysis shift POLG mutator macrophages toward a more
proinflammatory state.

IFN-I signaling represses NRF2 activity and drives
proinflammatory metabolic phenotypes in POLG

mutator macrophages

NRF?2 has been recently reported to inhibit STING-dependent IFN-I
responses (49-51), and IFN-I signaling can limit microbial clearance
by dysregulating NRF2 target gene expression (52, 53). To more
closely examine how elevated IFN-I signaling may alter the KEAP1-
NRF?2 axis, we performed a series of experiments in WT BMDMs.
Following pretreatment of WT BMDMSs with recombinant mouse
interferon beta (mIFNP), we observed that Keapl transcripts and
protein were elevated in an IFNAR-dependent fashion (fig. S5, A
and B). KEAP1 RNA and protein levels were markedly decreased in
Ifnar”™ macrophages at rest (fig. $5, A and B). Nrf2 expression was
not affected by IFN-I signaling; however, NRF2 protein levels were
suppressed by mIFN treatment in a dose- and IFNAR-dependent
fashion (fig. S5, A and B), suggesting posttranslational turnover
due to elevated KEAP1. It is known that TLR4 signaling suppresses
KEAPI expression to stabilize and activate NRF2 (54), a finding that
we confirmed in WT BMDMs (fig. S5D). However, we noted that
pretreatment of BMDMs with mIFN resulted in a failure to appro-
priately down-regulate KEAP1 after LPS, leading to lower overall
NRF2 levels, nuclear abundance, and transcriptional activity (fig. S5,
C to E). Notably, all of the aforementioned effects were dependent
of IFNAR signaling. Together, these results strongly support a model
whereby IFN-I signaling directly regulates KEAP1 levels, leading to
NREF2 degradation (fig. S5F).
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We next used IFNAR-deficient cohorts to examine whether
hyperactive IFN-I signaling drives NRF2 suppression in mutator
macrophages. We first confirmed that IFNAR depletion ablated
elevations in LPS-induced ISG expression in mutator macrophages
(Fig. 5A). Then, we used quantitative fluorescent microscopy and
observed that Ifnar”’~ mutator macrophages displayed marked res-
toration of NRF2 nuclear translocation after LPS challenge (Fig. 5,
B to D, and fig. S6, A to C). RNA and protein profiling of NRF2
targets further confirmed that ablation of IFNAR was sufficient to
restore, or even hyperactivate, NRF2 signaling in Ifnar ™ mutator
macrophages (Fig. 5, E and F, and fig. S6D). In addition, the secre-
tion of TNFa and IL-6 cytokines from Ifnar”’~ mutator macro-
phages was lowered (Fig. 5G and fig. S6E), further confirming our
intracellular cytokine staining results (Fig. 3 and fig. S3).

Consistent with prior findings documenting an anti-inflammatory
role of NRF2 (44), we observed that siRNA knockdown of NRF2
increased LPS-stimulated TNFo and IL-6 secretion from WT BMDMs
relative to control siRNA-transfected cells (Fig. 5, H and I). However,
because of basally repressed NRF2 activity in mutator BMDMs, fur-
ther knockdown of NRF2 did not augment proinflammatory
cytokine secretion over control siRNA-transfected POLG BMDM:s
(Fig. 51). In contrast, NRF2 knockdown in Ifnar™~ mutator BMDMs
potentiated proinflammatory cytokine production up to 150% com-
pared to control siRNA-transfected cells (Fig. 5I), suggesting that
IFN-I-mediated suppression of NRF2 activity contributes to the
hyperinflammatory profile of mutator macrophages and mice. In
line with a role for NRF2 antioxidant programs in regulating both
mitochondrial and cytosolic ROS (55), we detected higher levels of
mitochondrial superoxide and total cellular ROS in mutator BMDMs
after LPS induction. IFNAR depletion lowered ROS in WT macro-
phages and markedly reduced ROS in POLG mutator BMDMs
(Fig. 5] and fig. S6, F and G). Overall, these results highlight that
IFN-I-mediated repression of NRF2, via increased KEAP1 expression,
lowers antioxidant capacity and elevates proinflammatory ROS in
mutator macrophages.

IFN-I signaling can shift innate immune cell metabolism from
OXPHOS to aerobic glycolysis due to induced breaks in the tri-
carboxylic acid (TCA) cycle (56, 57). Accordingly, we found that IFNf
treatment slightly elevated ECAR in WT BMDMs but markedly in-
creased ECAR in mutator macrophages (fig. S6H). In contrast,
knockout of IFNAR markedly reduced ECAR in LPS-stimulated in
mutator macrophages, while having little to no effect on WT mac-
rophages (Fig. 5K). Consistent with the changes in ECAR, mutator
macrophages had higher lactate dehydrogenase (LDH) expression
level and activity and thus produced more 1-lactate than WT cells.
Ablation of IFN-I signaling in POLG BMDMs largely reversed ele-
vated LDH expression (Fig. 5F) and activity (Fig. 5L) after LPS chal-
lenge, while also blunting 1r-lactate levels (Fig. 5M). Together, our
results suggest that blocking IFN-I signaling restores NRF2, lowers
oxidative stress and aerobic glycolysis, and blunts the hyperinflam-
matory profile in POLG mutator macrophages.

Blocking IFN-I signaling restores NRF2 activity, limits
oxidative stress, and lowers aerobic glycolysis in aged POLG
mutator mice

Several studies have linked oxidative stress to tissue dysfunction
and premature aging phenotypes in POLG mutator mice (29, 58-61).
Therefore, we next explored dysregulation in IFN-I-NRF2 cross-talk
in the heart, liver, and kidney of 12-month-old animals. Transcript
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Fig. 4. NRF2 suppression contributes to the hyperinflammatory phenotype of POLG mutator macrophages. (A) Heatmaps of RNA-seq data displaying the most
down-regulated NRF2 target genes in POLG mutator PerMacs and BMDM:s after LPS challenge (200 ng/ml for 6 hours). Log, fold changes are relative to WT controls. (B) Rep-
resentative confocal microscopy images of LPS-treated PerMacs stained with anti-NRF2 and anti-HSP60 antibodies and 4',6-diamidino-2-phenylindole (DAPI). (C and
D) Quantification of nuclear NRF2 staining intensity in WT and POLG PerMacs 4 hours (C) or 24 hours (D) after LPS stimulation. a.u., arbitrary units. (E and F) qRT-PCR analysis
of NRF2 target (E) or proinflammatory cytokine (F) gene expression in WT and POLG PerMacs after LPS or LPS + KI696 treatment. (G) Proinflammatory cytokine secretion by
WT and POLG PerMacs after LPS or LPS + KI696 treatment. (H) Protein expression in siCtrl or siKeap1-transfected WT and POLG BMDM: s after LPS treatment (20 ng/ml for
6 hours). SE, short exposure; LE, long exposure. (I) TNFa secretion in siCtrl or siKeap1-transfected WT and POLG BMDM s after LPS treatment (20 ng/ml). Statistical significance
was determined using unpaired Student’s t tests (C and D) or ANOVA and Tukey post hoc test (E to G and I). *P < 0.05, **P < 0.01, and ***P < 0.001. Error bars represent SEM.

and protein profiling revealed a marked increase in ISGs, similar
to that observed in POLG macrophages, which was dependent on
intact IFNAR signaling (fig. S7, A and B). In addition, the expres-
sion of NRF2 and NRF2-regulated antioxidant genes (Nqol, Gclc,
Gclm, and Sqstm1/p62) was markedly lower in mutator tissues com-
pared to age-matched WT littermates but was rescued in Ifnar™’~
mutator tissues (fig. S7, C and D). Aconitase is widely recognized as
a sensitive and specific target of ROS, and aconitase inactivation is a
surrogate marker of oxidative stress. Therefore, to determine whether
IEN-I-mediated NRF2 suppression increases oxidative stress in
mutator mice, we analyzed the enzymatic activity of aconitase in

Lei et al., Sci. Adv. 2021; 7 : eabe7548 26 May 2021

various tissues of WT, mutator, Ifnar”~, and Ifnar”’~ mutator litter-
mate cohorts. Heart, liver, and kidney extracts from mutator mice
showed lower aconitase activity, indicative of oxidative stress;
however, IFNAR deficiency largely restored aconitase activity in
mutator tissues, likely via boosting NRF2-regulated antioxidant
activity (fig. S7E).

Our prior observations in macrophages and other reports indi-
cated imbalances in glycolytic metabolism and OXPHOS in muta-
tor tissues (62); thus, we next examined expression of enzymes in
glycolysis, the TCA cycle, and OXPHOS (fig. S7F). GAPDH and
LDHA were elevated in aged POLG mutator tissues (fig. S7F, top);

7of 16



EMBARGOED UNTIL 2:00 PM US ET WEDNESDAY, 26 MAY 2021
SCIENCE ADVANCES | RESEARCH ARTICLE

A BMDM LPS 6 hours —wt
& POLG HSP60 DAPI
D60, T O Ifnar~
L [ = POLG Ifnar
K 2 r
m

d)

c
o
? 40
o
% HSP60 DAPI
@ 20
[
2 POLG
[0]
© 0
x© Ifit1 1fit3 :
CA‘ BMDM LPS 6 hours DA‘ BMDM LPS 24 hours HiSP0 DAPI
=} =}
= g .
214007 T =000
8 9001 2700 .
$ 4001 i $ 400 :
€ 400 € 400
o~ [ k4 g HSP60 DAPI
300
Iﬁ:L E:l_ 300 ;;?_éi,
Z 200 Z 200
8 100 8 100
[} ° [}
zZ 0 POIG. 2 POLG
WT POLG lfnar O WT POLG ffnarFOL!
E BMDM LPS 6 hours F BMDMLPS 6 hours -~ G
= ﬁe\w BMDM LPS OWT
51.5 o020 ooV W POLG
L U W e o o  EPOLG lfnar
c — 4 — 25 i
S ™ NRF2 |- — Pl
§1.0 p62/ st 3 20
s SQg(I;I\IfIé — N2 E 15
0.5 ~— —l|targets 52 ]
2 GCLM | s s < 0
3 1 °
5 LDHA | = s -
o Cat Sqstm1 Ngo1 Gcele Gclm 0 0
q q HSPGO | - e s s TNFa IL-6
H | Owrsicti BPOLGsiCtl I POLG lfar siCirl J—~
POLG EWT siNrf2 B3 POLG siNif2 @ POLG lfnar” siNri2 3 8 x 103 #‘E ‘},VJLG
WT  POLG Ifar o * c ki

150

ek
=

g O Ifnar
>7 x 108 xxk

T T T LT (T (s = = B POLG Ifnar
S oot Eqs0

S &) 100 <6 x10°
w
NRF2| - | §100 o §5x103
SACHN [ — s ——
pracin| | \2 %0 Q4x10°
3
0 0 L2 3
TNFa S 3 X100 our LPS 24-hour LPS
K —=—WTLPS CJWTLPS L M
= ﬁnoaLrﬁ I_LFI;SS E ff’r%Lrg ILF;SS COWT B POLG [ lfnar- O POLG Ifnar
POLG Ifnar- LPS [ POLG Ifnar~ LPS 9 T
120 Glucose Oligomycin 2-DG E‘] 40 m.&. = 800 ——
\ \ . 3 ey —
N :
g 90. : 1 : © ok
5 : \
£ 60 !
© f ;
5 304 ) i
m i : P CLCL cLCL
. NS i
0 20 40 60 30 ’a‘%e\«\e g o T POLG finar” POLG
Time (min) © oy

Fig. 5. Elevated IFN-I signaling represses NRF2 activity and drives proinflammatory metabolic phenotypes in POLG mutator macrophages. (A) qRT-PCR analysis
of ISG expression in BMDM s after LPS challenge. (B) Representative confocal microscopy images of LPS-treated BMDM:s stained with anti-NRF2 and anti-HSP60 antibodies
and DAPI. (C and D) Quantification of nuclear NRF2 staining intensity in BMDMs 6 hours (C) or 24 hours (D) after LPS exposure. (E) gRT-PCR analysis of NRF2 target gene
expression in BMDM s after LPS exposure. POLG BMDMs were normalized to WT BMDMs, and POLG Ifnar”’~ BMDMs were normalized to Ifnar”’~ BMDM:s. (F) Protein expres-
sion of NRF2 targets and lactate dehydrogenase A (LDHA) in BMDMs after 6-hour LPS (200 ng/ml) exposure. (G) Proinflammatory cytokine secretion from WT, POLG, and
POLG Ifnar”~ BMDM:s after LPS stimulation (20 ng/ml for 4 hours). (H) Protein expression in siCtrl or siNrf2-transfected WT, POLG, and POLG Ifnar”~ BMDM:s after LPS
treatment (20 ng/ml for 6 hours). (I) Proinflammatory cytokines secretion in siCtrl or siNrf2-transfected WT, POLG, and POLG Ifnar”~ BMDM:s after LPS treatment (20 ng/ml
for 24 hours). (J) Quantification of MFI of MitoSOX staining in LPS-treated BMDM:s. (K) Seahorse ECAR analysis of WT, POLG, Ifnar”", and POLG Ifnar”~ BMDMs exposed to
overnight LPS challenge (10 ng/ml). 2-DG, 2-deoxyglucose. (L) Relative LDH activity in BMDMs 24 and 48 hours after LPS exposure (normalized to WT). (M) Extracellular
L-lactate level in culture media of resting (C) or LPS exposed (L) BMDMs. WT and POLG were normalized to WT resting BMDMs, and Ifnar”~ and POLG Ifnar”~ were nor-
malized to Ifnar™" resting BMDMs. Statistical significance was determined using ANOVA and Tukey post hoc test. *P < 0.05, **P < 0.01, and ***P < 0.001. n.s., not signifi-
cant. Error bars represent SEM.
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however, Ifnar”’~ mutator cohorts exhibited decreased glycolytic
enzyme expression and decreased L-lactate accumulation in the plasma
(fig. S7, F and G). In addition, several TCA cycle enzymes were up-
regulated in mutator heart and liver homogenates, which may reflect
a compensatory response to elevated aerobic glycolysis and OXPHOS
deficiency. Consistent with a role for IFN-I-mediated metabolic re-
wiring, TCA enzymes were largely restored to WT levels in Ifnar™~
mutator tissues (fig. S7F, middle). Last, Ifnar_/ ~ mutator cohorts
exhibited modestly higher levels of some OXPHOS subunits, namely,
mitochondrially encoded cytochrome c oxidase I (MT-CO1) and
NADH dehydrogenase 1 beta subcomplex subunit 8 (NDUFB8) in
the liver, compared to IFNAR-sufficient mutators (fig. S7F, bottom).
These findings are consistent with an earlier report showing that ele-
vated IFN-I signaling represses the transcription of mtDNA-encoded
genes, leading to reduced OXPHOS complex expression and activity
(63). Collectively, our tissue analyses mirror the key findings from
macrophage studies and thus define chronic IFN-I responses as
critical regulators of NRF2 suppression and metabolic/mitochondrial
rewiring in POLG mutator mice.

Ablation of IFN-I signaling improves health span

and extends life span of POLG mutator mice

Age-related multitissue pathology, including alopecia, kyphosis,
anemia, and dilated cardiomyopathy, has been noted in numerous
reports on POLG mutator mice (23, 24, 30, 59, 64). As both elevated
IFN-I signaling and NRF2 inhibition are implicated in cardiomyopathy
and anemia in animal models and human patients (65-68), we rea-
soned that sustained imbalances in IFN-I and NRF2 signaling may
contribute to the aging-related phenotypes of mutator mice. Using
transthoracic echocardiography, we confirmed that 9- to 10-month-old
mutator mice exhibited dilated cardiomyopathy by demonstrating
left ventricle dilation [wider left ventricular inner diameter at diastole
(LVID;d)] and markedly reduced systolic function [decreased left
ventricular ejection fraction (LVEF)] (Fig. 6, A and B). Other dilated
cardiomyopathy phenotypes included decreased interventricular
septum thickness at end-systole (IVS;s), increased left ventricular
internal dimension at end-systole (LVID;s), and elevated left ventric-
ular volume at end-systole (Vol;s) (fig. S8, A and B). Cardiac dila-
tion and LVEF were improved in IFNAR-deficient mutator cohorts
(Fig. 6, A and B, and fig. S8, A and B). In addition, histological analyses
revealed increased mean myofiber width and more infiltrating im-
mune cells in mutator hearts, which were both reduced in IFNAR-
deficient mutator sections (Fig. 6, C and D). Last, we noted a shift in
the cardiac myosin heavy chain isoform from Myh6 toward Myh7
in mutator heart homogenates, which is a well-appreciated marker of
cardiac hypertrophy, injury, and stress. Consistent with our echo-
cardiographic and histological measurements, IFNAR-deficient mutator
hearts exhibited increased Myh6 and reduced Myh7 expression, in-
dicative of lower cardiomyopathy (fig. S8C).

POLG mice develop progressive, ultimately fatal megaloblastic
anemia due to hematopoietic stem cell (HSC) deficits, impaired
erythrocyte maturation, and increased erythrocyte destruction by
splenic macrophages (30, 69, 70). We found that Ifnar”~ mutator
blood contains increased cellularity (fig. S8D), as well as higher red
blood cell (RBC) counts, hemoglobin (HGB) concentration, and
hematocrit (HCT) levels compared to IFNAR-sufficient mutators
(Fig. 6E). Moreover, ablation of IFNAR signaling largely restored
splenic architecture in POLG mutator mice and increased white
pulp to red pulp abundance (Fig. 6F). We also observed widespread

Lei et al., Sci. Adv. 2021; 7 : eabe7548 26 May 2021

extramedullary hematopoiesis in the livers of mutator mice, which
was largely ablated in age-matched Ifnar™~ mutator cohorts (Fig. 6G),
indicating that persistent IFNAR signaling in POLG proofreading-
deficient mice contributes to the progressive and lethal anemia ob-
served. Last, we noted that loss of cGAS-STING-IFN-I signaling
generally improved body condition in 12-month-old mutator mice,
as indicated by less kyphosis of the spine and reduced hair loss (fig.
S8E). Ifnar”’~ mutator cohorts exhibited a 12% extension in mean
life span over IFNAR-sufficient mutator mice (Fig. 6, H and I). To-
gether, our data suggest that innate immune reprogramming and
chronic IFN-I signaling contribute to age-related anemia and car-
diomyopathy, negatively affecting both health span and life span of
POLG mutator mice (Fig. 7).

DISCUSSION

Recent clinical case reports suggest that patients with MD experi-
ence recurrent infections and develop sepsis and/or SIRS at elevated
rates relative to the general population (14, 15, 71). One study re-
ported that sepsis is the most frequent cause of early death in pa-
tients with pediatric MD (13). The innate immune system is the first
line of defense against invading microbes and is an important driv-
er of hyperinflammatory responses in sepsis and SIRS. However,
there is a paucity of information about innate immune system func-
tion and/or cellular composition in patients with MDs or murine
models. Our work begins to address this critical knowledge gap in a
mouse model of POLG-related mitochondrial dysfunction. We
have uncovered that POLG mutator mice are highly susceptible to
lethal endotoxin shock owing to a marked increase in circulating,
myeloid-derived innate immune cell populations and elevated lev-
els of proinflammatory cytokines and IFN-I in the plasma after in-
traperitoneal LPS challenge. Our data suggest that CD11b* myeloid
cell expansion, especially the CDlle’Ly6Chl inflammatory mono-
cyte population, is a key driver of augmented cytokine secretion in
mutator mice, as intracellular TNFa levels in CD1 1b+Ly6Chl muta-
tor monocytes are elevated fourfold compared to WTs. Although
mutator mice do not directly model any particular human MD,
CD11b" myeloid cell expansion in the bone marrow and spleen has
also been observed in the Ndufs4”’~ model of Leigh syndrome
(72, 73). Therefore, future studies in other mouse models and pa-
tients are warranted to determine the degree to which monocyte
and neutrophil expansion/polarization occurs in MDs. Monitoring
circulating MCP-1/CCL2, which is basally elevated in mutator mice
and is a predictive biomarker for sepsis, may also aid in identifying
MD and elderly/frail populations at risk for developing life-threat-
ening systemic inflammation after infection (74, 75).

Mounting evidence suggests that the IFN-I-driven expansion of
inflammatory monocytes is deleterious in autoimmune and inflam-
matory disorders such as lupus and pneumonia (39, 40, 42, 76). El-
evated IFN-I signaling during chronic pattern recognition receptor
(PRR) stimulation drives HSC skewing toward granulocyte/macrophage
progenitors (GMPs), leading to emergency myelopoiesis in the
bone marrow and peripheral myeloid expansion (39, 77, 78). My-
eloid lineage skewing in the bone marrow of mutator mice has been
previously reported, although the mechanisms underlying this phe-
notype have remained unclear (79). The expansion of Ly6C™ in-
flammatory monocytes and Ly6G" neutrophils, systemic cytokine
levels, and time to death after lethal LPS challenge is substantially
reduced in mutator mice lacking cGAS, STING, or IFNAR. We
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Fig. 6. Ablation of IFN-I signaling lessens multiorgan pathology and extends life span in POLG mutator mice. (A) Representative B-mode echocardiogram images
of 9- to 10-month-old WT, POLG, Ifnar”~, and POLG Ifnar”~ mouse hearts. (B) LVID;d and LVEF calculated from M-mode or B-mode images using Vevo LAB software.n=5
to 8 animals per genotype. (C and D) Representative hematoxylin and eosin (H&E) staining of heart sections from WT, POLG, Ifnar'/', and POLG I/fnar™™ mice (C) and quan-
tification of cardiomyocyte width (D). Yellow arrows indicate infiltrating immune cells. Five myocytes per section and six animals per genotype were quantified in a
blinded fashion (D). (E) Red blood cell (RBC) counts, hemoglobin (HGB) concentration, and hematocrit (HCT) were measured in WT, POLG, Ifnar™", and POLG Ifnar™~
mouse whole blood using the HM5 Hematology Analyzer. n =6 animals per genotype. (F) Representative H&E staining showing white pulp and red pulp organization in
WT, POLG, Ifnar™”", and POLG Ifnar”’~ mouse spleens. (G) Representative H&E-stained liver sections from WT, POLG, Ifnar™", and POLG Ifnar”~ cohorts. (H and 1) Percent
survival (H) and survival time (I) of POLG, POLG cGAS ™", POLG Sting ™", and POLG Ifnar”~ mice. Log-rank (Mantel-Cox) test was used to compare percent survival between
different groups. n =10 animals per genotype. Unless stated, statistical significance was determined using ANOVA and Tukey post hoc test.*P < 0.05, **P <0.01, and
***P < 0.001. n.s., not significant. Error bars represent SEM.

Lei et al., Sci. Adv. 2021; 7 : eabe7548 26 May 2021 100f 16



EMBARGOED UNTIL 2:00 PM US ET WEDNESDAY, 26 MAY 2021

SCIENCE ADVANCES | RESEARCH ARTICLE

PO L GD257A/D257A PO L G+/+
s 0% Yoy o
{ ' mtDNA instability Healthy mitochondrion
\\\\\\ /"_/// @
e
Ifnar*”* mutator Ifnar~- mutator Ifnar”* mutator
NRF2 activity TEN

@;y

Tissue pathology and premature aging

Aerobic glycolysis

Oxidative stress

Monocyte and neutrophil expansion
Increased cytokines and SIRS
Cardiomyopathy

Anemia

NRF2 activity IFN-I

w
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in mutator mice. Genetic ablation of IFN-I signaling relieves the break on NRF2 and markedly improves health span by limiting myeloid reprogramming, inflammation,

and tissue dysfunction in mtDNA mutator mice.

therefore propose that mtDNA instability and release in POLG mu-
tators trigger cGAS-STING-dependent IFN-I priming, which not
only drives HSC skewing and peripheral myeloid expansion but
also potentiates responsiveness of circulating monocytes and neu-
trophils to innate immune stimuli. However, additional studies are
required to clarify the cellular sources of mtDNA and mechanisms
of release in mutator mice, while also examining the contribution of
nuclear DNA damage to elevated innate immune and IFN-I signal-
ing in this model.

We have found that mutator macrophages are broadly hyperre-
sponsive to PRR agonists, although, unexpectedly, the signaling ki-
netics of NF-xB, IRF, and STAT1 are nearly identical between WT
and mutator BMDM:s following LPS treatment. Instead, our data
indicate that the hyperinflammatory phenotype of mutator macro-
phages results from enhanced M1 polarization due to IFN-I-
dependent NRF2 suppression and metabolic rewiring. NRF2 can
directly inhibit LPS-induced cytokine gene expression, and loss of
NRE?2 activity is linked to mitochondrial dysfunction and increased
glycolysis (44, 80). Compared to cells from age-matched mutator
cohorts, IFNAR-deficient mutator macrophages display higher NRF2
levels and target gene expression, while also generating less ROS
and proinflammatory cytokines after LPS challenge. This marked
restoration in NRF2 activity in Ifnar”’~ mutators is likely due to a
lessening of IFN-I- and IL-10-mediated TCA cycle breaks (i.e., re-
duced aconitase and isocitrate dehydrogenase activity), which lower
carbon flux toward itaconate (57). However, consistent with find-
ings in fibroblasts and induced pluripotent stem cells (60, 62),
POLG mutator BMDMs also exhibit elevated ECAR and decreased

Lei et al., Sci. Adv. 2021; 7 : eabe7548 26 May 2021

OCR at rest. Thus, the restoration of NRF2 activity in Ifnar”’~ mu-
tator macrophages may also be due to reduced aerobic glycolysis,
which directs pyruvate away from TCA metabolism toward lactate
generation. Consistent with this notion, loss of IFN-I signaling
markedly blunts ECAR and lactate levels in Ifnar "~ mutator mac-
rophages and also lowers plasma lactate concentrations in aged
mice. In sum, our results support a model whereby mtDNA muta-
genesis in POLG mutator macrophages potentiates IFN-I signaling,
which enhances KEAP1 to destabilize NRF2, while also elevating
LDHA levels and activity to potentiate aerobic glycolysis.

Our research has also uncovered that elevated IFN-I responses
and reduced NRF2 activity extend to multiple organs of aged muta-
tor mice. Genetic ablation of IFNAR is sufficient to blunt potentiated
ISG expression and markedly increase NRF2 target gene abundance
in the heart, liver, and kidney of aged cohorts. ROS and oxidative
stress have been linked to organ dysfunction in aged POLG mice,
with antioxidant therapy providing some benefits to overall health
span (29, 58, 61, 69). We found that markers of oxidative stress are
lower in Ifnar”’~ mutator organs compared to IENAR-sufficient co-
horts, suggesting that IFN-I signaling triggered by mtDNA muta-
genesis and instability inhibits NRF2-mediated antioxidant responses
in vivo. NRF2-null mice display a spectrum of pathology that over-
laps with POLG mutator mice, namely, anemia, splenomegaly, car-
diomyopathy, and increased susceptibility to lethal septic shock
(68, 81, 82). Moreover, reduced NRF2 activity is linked to numerous
aging-related diseases (83-85), and NRF2 repression was recently
uncovered as a driver of oxidative stress and premature aging in
Hutchinson-Gilford progeria syndrome (HGPS) (86). Elevated IFN-I
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responses have also been observed in HGPS and other progeroid
syndromes, which share some overlapping phenotypes w1th mtDNA
mutator mice (87-89). Notably, we found that Ifnar”~ mutator
cohorts exhibit an extension in mean survival time of roughly 50 days
and an overall improvement under body condition compared to IFNAR-
sufficient mutators, documenting that perturbed IFN-I-NRF2 cross-
talk is an unappreciated molecular mechanism contributing to
premature aging in mutator mice.

Cardiac and hematologic analyses indicate that blockade of
IFNAR signaling during aging yields notable improvements in car-
diomyopathy and anemia-related phenotypes in mutator mice.
Mitochondrial ROS contributes to cardiomyopathy in mutator mice
(59), and our genetic and echocardiographic data suggest that shift-
ing the balance from IFN-I toward NRF2 activity lowers cardiac
oxidative stress and improves cardiac function in aged mutator an-
imals. However, additional IFN-I-dependent inflammatory and
metabolic processes are likely dysregulated in aged mutator hearts.
Future research on the mutator strains described here should yield
new insight into roles for IFN-I dysregulation in both aging- and
MD-related cardiomyopathy. Elevated IFN-I signaling has also
been linked to anemia in aging and in various human diseases and
animal models (66, 78, 90). A recent report characterized a unique
subset of splemc hemophagocytes that differentiate from IFN-I ex-
panded Ly6C™ monocytes, which are responsible for anemia in a
model of macrophage activation syndrome and lupus (39, 78). As
we observed the IFN-I-dependent elevation of Ly6C™ monocytes in
mutator mice, it is l1kely that the restoration of peripheral erythro-
cyte numbers in Ifnar’~ mutator blood results from less GMP
skewing in the bone marrow and reduced destruction of erythro-
cytes by inflammatory hemophagocytes. Anemia is a frequent
hematological abnormality observed in both patients with MD and
the elderly, and the presence of anemia negatively influences survival
in patients with POLG-related disease (91, 92). Our work provides
a strong rationale for translational research to explore whether
IFN-I-NRF2 signaling imbalances potentiate anemia in elderly/
frail populations and patients with POLG-related MD.

In conclusion, we report that mtDNA mutator mice exhibit a
hyperinflammatory innate immune status that is driven by chronic
IFN-I priming and NRF2 repression (Fig. 7). Our work constitutes
the first detailed characterization of innate immune rewiring in the
mutator model and may provide a mechanistic framework for
understanding why some patients with MD and the elderly/frail
population are more prone to developing sepsis and SIRS following
infection. Moreover, we have found that innate immune dysregulation
and IFN-I-mediated inflammaging contribute to several progeroid
phenotypes in mutator mice. Therapeutic approaches aimed at
rebalancing IFN-I-NRF2 signaling may therefore represent a prom-
ising target for limiting runaway inflammation, combatting anemia,
and improving overall health span in progeroid syndromes, mito-
chondrial disorders, and aging.

MATERIALS AND METHODS

Mouse strains

C57BL/6J, POLGP*"AP57A mutator, cGAS ™™, Sting”™ (Tmem173%), and
Ifnarl™™ mice were purchased from the Jackson laboratory and bred and
maintained in multiple vivaria at Texas A&M University. POLG >4/
breeder pairs used to generate POLG"* and POLG"? A/D257A experi-
mental mice (and ¢cGAS-, Sting-, and Ifnar-null intercrosses) were
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obtained from male POLGP?*”4* to female C57BL/6] (or cGAS-,
Sting-, and Ifnar-null on a pure C57BL/6] background) crosses. All
animal experiments were approved by the Institutional Animal
Care and Use Committee (IACUC) at Texas A&M University.

Antibodies and reagents

Anti-Interferon-induced protein with tetratricopeptide repeats 3
(IFIT3) was a gift from G. Sen at Cleveland Clinic, and anti-VIPERIN
was a gift from P. Cresswell at Yale School of Medicine. Commercially
obtained antibodies and reagents include the following antibodies
for immunoblotting: rabbit anti-TANK-binding kinase 1 (TBK1)
(3504), anti-p-TBK1 (5483), anti-STAT1 (9172), anti-p-STAT1 (7649),
anti-Retinoic acid-inducible gene I (RIG-I) (4200), anti-p-inhibitor
of NF-kBa (IkBa) (2859), anti-IxBE (93726), anti-IRF1 (8478),
anti-Immune-responsive gene 1 (IRG1) (17805), anti-NRF2 (12721),
and anti-KEAP1 (8047) (from Cell Signaling Technology); rabbit
anti-LDHA (19987-1-AP), anti-p62/Sequestosome 1 (SQSTM1)
(18420-1-AP), anti-IxBa (10268-1-AP), mouse anti-GAPDH
(600004-1), and anti-B-actin (66009-1) (from ProteinTech); mouse
anti-OXPHOS (ab110413), rabbit anti-Glutamate—cysteine ligase cata-
lytic subunit (GCLC) (ab207777), and anti-Pyruvate dehydrogenase
(PDH) (ab110333) (from Abcam); mouse anti-ACO2 (MA1-029)
and rabbit anti-Glutamate-cysteine ligase regulatory subunit (GCLM)
(MA5-32783) (from Invitrogen); goat anti-60kDa heat shock protein,
mitochondrial (HSP60) (N-20) (from Santa Cruz Biotechnology);
and rabbit-Alpha-ketoglutarate dehydrogenase (OGDH) (HPA020347)
(from Sigma-Aldrich). Antibodies and reagents used for flow cytometry
included the following: phycoerythrin/Cy7 anti-mouse TNFa anti-
body (506324), PerCP/Cy5.5 anti-mouse Ly6C antibody (128012),
fluorescein isothiocyanate anti-mouse Ly6C antibody (128006), and
PerCP/Cy5.5 anti-mouse IL-12/IL-23 p40 (505211) (from BioLegend);
purified anti-mouse CD16 / CD32 (2.4G2) (70-0161), violetFluor
450 anti-mouse Ly6G (1A8) (75-1276), and allophycocyanin anti-
human/mouse CD11b (M1/70) (20-0112) (from Tonbo); IL-6
(11-7061-81) (from Invitrogen); IL-1B (31202) (from Cell Signaling
Technology); brefeldin A solution (420601) and monensin solution
(420701) (from BioLegend); mouse TNFa (430904) and IL-6 (431304)
enzyme-linked immunosorbent assay (ELISA) kits (from BioLegend);
and Griess Reagent System (G2930) (from Promega).

Cell culture

1929 cells were obtained from American Type Culture Collection
and maintained in Dulbecco’s modified Eagle’s medium (DMEM;
D5796, Sigma-Aldrich) supplemented with 10% fetal bovine serum
(FBS; 97068-085, VWR). BMDMs were generated from bone
marrow and cultured on petri plates in DMEM containing 10% FBS
and 30% L929 culture media for 7 days. PerMacs were collected
from peritoneal gavages 4 days after intraperitoneal injection of
3% brewer thioglycolate medium (B2551, Sigma-Aldrich). Trans-
fection of ISD (InvivoGen) into the cytosol of BMDMs was per-
formed using polyethyleneimine (43896, Alfa Aesar). Unless stated,
6 x 10> BMDMs and 1.2 x 10° PerMacs per milliliter were used in
in vitro experiments. The LPS-B5 Ultrapure (InvivoGen) concen-
tration used was 200 ng/ml for BMDMs and 20 ng/ml for PerMacs
unless otherwise indicated. The 4-octyl-itaconate (Cayman) con-
centration used was 125 uM, the DMF (Sigma-Aldrich) concentra-
tion was 50 uM, and the K1696 (MedChemExpress) concentration
was 20 uM. Cells were exposed to both treatments 6 hours before
LPS stimulation.
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siRNA transfection in primary BMDMs

A total of 6 x 10> BMDMs were seeded in 12-well plates the night
before transfection. Twenty five nanomolars of siRNA and 3 pl of
LipoRNAIMAX (13778150, Thermo Fisher Scientific) were mixed,
incubated at room temperature for 10 min, and then added into the
wells with plain DMEM. Six hours later, the wells were replenished
with complete medium.

LPS in vivo challenge and multianalyte cytokine analysis

Mice were intraperitoneally injected with LPS from Escherichia coli
055:B5 (14005, Sigma-Aldrich). Blood was collected using EDTA-coated
tubes at indicated time and then centrifuged at 1000g for 15 min at 4°C.
The upper phase of plasma was saved and subjected to LEGENDplex
Anti-Virus Response Panel (740446, BioLegend) or LEGENDplex
Mouse Inflammation Panel (740446, BioLegend) for cytokine analysis.

Blood and bone marrow staining for flow cytometry

The whole mouse blood was collected in sodium heparin tubes, and
the bone marrow was harvested from femurs and tibia. RBCs were lysed
twice with ACK lysis buffer, and leukocytes were subjected to LPS
stimulation (1 pg/ml) in the presence of brefeldin A and monensin for
4 hours. Fc receptors were blocked with anti-mouse CD16/CD32
(2.4G2) antibody, and cells were stained with antibodies against
surface proteins, permeabilized with Foxp3/Transcription Factor
Staining Buffer Kit (TNB-0607-KIT, Tonbo), and stained with anti-
bodies against intracellular proteins. Cells were analyzed with a BD
LSRFortessa X-20.

L. monocytogenes infections

Age- and sex-matched mice of indicated genotypes were used for
infections, which were performed under Biosafety level 2 (BSL2) contain-
ment according to protocols approved by the Texas A&M IACUC.
Two days before infection, cages’ plain water bottles were replaced
with bottles containing streptomycin (5 mg/ml) in water. The night
before infection, chow was removed from the mouse cages. Mice
were infected with log-phase (optical density at 600 nm = 0.5 to 1.0)
L. monocytogenes (strain 104038, gift from D. Portnoy) grown in
Brain heart infusion (BHI) broth at 37°C. Bacteria were washed twice
with warm, sterile phosphate-buffered saline (PBS), and for each
mouse, an inoculum of 1 x 10° bacteria was placed on a 3-mm piece
of bread with 3 ml of butter. Each mouse was individually fed one
piece of Listeria-soaked bread and butter and then returned to their
cage with fresh, antibiotic-free water and chow. Colonization was
confirmed by assessing bacterial shedding in feces; at indicated time
points, stools were collected from each mouse, dissolved in PBS, and
spot-plated as serial dilutions on LB plates. Mice were weighed before
infection and regularly throughout to monitor their health status.
Bacterial burdens in spleens were determined by homogenizing
spleens in 0.1% IGEPAL and plating serial dilutions on LB plates.
Plasma was collected using EDTA-coated tubes at indicated time
points for cytokine analyses.

Quantitative polymerase chain reaction

To measure relative gene expression by qRT-PCR in cells and tis-
sues, total cellular RNA was isolated using Quick-RNA microprep
kit (Zymo Research). Approximately 0.5 to 1 ug of RNA was isolated,
and complementary DNA (cDNA) was generated using the qScript
c¢DNA Synthesis Kit (Quanta). cDNA was then subjected to qPCR
using PerfeCTa SYBR Green FastMix (Quanta). Three technical
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replicates were performed for each biological sample, and expres-
sion values of each replicate were normalized against Rpl37 cDNA
using the 2**“T method. For mtDNA abundance assessment, tem-
plate DNA (2 ng/ul) was used for qRT-PCR, and expression values
of each replicate were normalized against nuclear-encoded Actb. All
primer sequences used for gRT-PCR can be found in table S1.

Immunoblotting

Cells and tissues were lysed in 1% NP-40 lysis buffer or 1% SDS lysis
buffer supplemented with protease inhibitor and then centrifuged
at 4°C to obtain cellular lysate. After bicinchoninic acid assay (BCA)
protein assay (Thermo Fisher Scientific), equal amounts of protein
(10 to 40 pg) were loaded into 10 to 20% SDS-polyacrylamide gel
electrophoresis gradient gels and transferred onto 0.22 uM poly-
vinylidene difluoride membranes. After air-drying to return to a
hydrophobic state, membranes were incubated in primary antibodies
at 4°C overnight in 1x PBS containing 1% casein and horseradish
perixodase (HRP)-conjugated secondary antibody at room tempera-
ture for 1 hour and then developed with Luminata Crescendo Western
HRP Substrate (Millipore).

Enzyme-linked immunosorbent assay

Detached cells and debris were removed in cell culture supernatant
or plasma before the assay by centrifugation. After incubating in
capture antibodies at 4°C overnight, blocking with PBS containing
10% FBS at room temperature for 1 hour, standards and cell culture
supernatant were added into the ELISA plates, followed by incuba-
tion of detection antibodies, Avidin-HRP, and trimethylboron for
faster color development. Plates were washed with PBS containing
0.05% Tween 20 between each step.

Immunofluorescence microscopy

Cells were grown on coverslips and treated as described. After washing
in PBS, cells were fixed with 4% paraformaldehyde for 20 min, per-
meabilized with 0.1% Triton X-100 in PBS for 5 min, blocked with
PBS containing 5% FBS for 30 min, stained with primary antibodies
for 1 hour, and stained with secondary antibodies for 1 hour. Cells were
washed with PBS containing 5% FBS between each step. Coverslips
were mounted with ProLong Diamond Antifade Mountant with
4between each step.enylindole (DAPI) (Molecular Probes). Cells were
imaged on a LSM 780 confocal microscope (Zeiss) with a 40x or
63x oil-immersed objective with Airyscan or a Cytation 5 (BioTek)
with a 20x objective. Three to five images per sample were acquired.
At least 100 cells per genotype were used to obtain statistical signif-
icance for nuclear Nrf2 intensity analysis. Gen5 software (BioTek)
was used to define nuclear region, by DAPI staining, and calculate
the Nrf2 fluorescent intensity in the nuclear region of each cell.

Metabolism assays

The Seahorse XFe96 Analyzer was used to measure mitochondrial
respiration and glycolysis. Briefly, BMDMs and PerMacs were plated
at a density of 5 x 10* cells per well or 2 x 10° cells per well in 80 ul of
culture medium in Agilent Seahorse XF96 Cell Culture Microplate.
DME (50 uM) and/or LPS (10 ng/ml) were added 3 hours after the cells
were plated. Following a 16-hour incubation, cells were washed and
replaced with XF assay medium [Base Medium Minimal DMEM sup-
plemented with 2 mM Ala-Gln (pH 7.4)] before analysis. OCR was
measured after sequential addition of 25 mM glucose, 1.5 uM oligo-
mycin, 1.5 uM carbonyl cyanide p-trifluoromethoxyphenylhydrazone +
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1 mM sodium pyruvate and 833 nM antimycin A + 833 nM rotenone
following a published protocol (93). ECAR was measured after se-
quential addition of 10 mM glucose, 1.5 uM oligomycin and 50 mM
2-DG. OCR measurements 1-15 and ECAR measurements 1-12 of
each well were exported and calculated. OCR was determined by:
Coupled respiration = average OCR(10,11,12) - average OCR(13,14,15);
Uncoupled respiration = average OCR45) - average OCR(13,14,15).
ECAR was calculated as follows: baseline glycolysis = average ECAR(; 5 3);
Glycolysis = average ECAR45,6) - average ECAR(y,5,3); Glycolytic
reserve = average ECAR(; 59 - average ECAR(y5¢); non-glycolytic
acidification = average ECAR(10,11,12). L-Lactate (700510, Cayman),
aconitase (705502, Cayman), and LDH (MK401, TaKaRa) assay kits
were commercially purchased. Standard protocols provided with the
kits were followed when performing all assays.

Histology

Mice were euthanized and tissues were washed in PBS and incubated
for 24 hours in 10% formalin and then transferred to 70% ethanol.
Tissue embedding, sectioning, and staining were performed at AML
Laboratories in Jacksonville, FL. Images of the hematoxylin and eosin
(H&E) staining slides were acquired on Lionheart FX (BioTek) with
a 20x or 40x objective. Images for myofiber width quantification
were acquired on Nikon ECLIPSE Ts2 and a 40x objective. Ten cells
from each sample and three mice of each genotype were imaged and
calculated blindly using NIS-Elements software (Nikon).

Echocardiography

Mice were depilated at the chest area the day before echocardio-
gram measurement. Anesthesia was induced by placing mouse in a
box with inhaled isoflurane at 2 to 3%. Afterward, light anesthesia
was maintained using a nose cone with inhaled isoflurane at 0.5 to
1%. Mice were immobilized on an instrumented and heated stage.
Continuous electric cardiogram, respiration, and temperature (via
rectal probe) were monitored. Light anesthesia and core tempera-
ture were maintained to ensure near physiological status with heart
rate at range of 470 to 520 beats/min. Transthoracic echocardiogra-
phy was performed using a VisualSonics Vevo 3100 system with
a MX550D imaging transducer (center frequency of 40 MHz).
Parasternal long-axis (B-mode) and parasternal short-axis (M-mode)
views of each animal were taken. Vevo LAB cardiac analysis package
was used to analyze the data.

RNA-seq and bioinformatic analyses

Total cellular RNA from WT and POLG BMDMs and PerMacs was
prepared using Quick-RNA microprep kit (Zymo Research) and used
for the next-generation RNA-seq procedure at Texas A&M University
Bioinformatics Core. RNA-seq data were analyzed using BaseSpace
Sequence Hub (Illumina). Briefly, Spliced Transcripts Alignment to
a Reference (STAR) algorithm of RNA-seq Alignment V2.0.0 software
was used to align the results to reference genome Mus musculus/
mm10 (RefSeq), and then RNA-seq Differential Expression V1.0.0
software was used to obtain raw gene expression files and determine
statistically significant changes in gene expression in POLG macro-
phages relative to WT. Ingenuity Pathway Analysis software
(QIAGEN) was used to identify gene families and putative upstream
regulators in the datasets. Heatmaps were generated using GraphPad
Prism. Raw and analyzed datasets are being deposited into the
National Center for Biotechnology Information Gene Expression
Omnibus under accession number GSE171960.
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Statistical analyses

Error bars displayed throughout the manuscript represent SEM and
were calculated from triplicate technical replicates of each biological
sample unless otherwise indicated. For ex vivo experiments, error bars
were calculated from the average of duplicate or triplicate technical
replicates of at least four animals per point. For microscopy quanti-
fication, images were taken throughout the slide of each sample using
DAPI channel to avoid bias of selection, and at least 100 cells per
genotype were randomly selected to obtain statistical significance.
To reduce potential experimental bias, samples for cardiac function
(LVID;d, LVEF, IVS;s, LVID;s, and Vol;s) and myofiber width analysis
in Fig. 6 were blinded to researchers when performing analysis. The
identities were only revealed at the final data analysis stage. No random-
ization or blinding was used for all other animal studies. No statistical
method was used to predetermine sample size. Data shown are repre-
sentative of at least three independent experiments, including micros-
copy images, Western blots, flow cytometry, and all metabolism assays.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabe7548/DC1

View/request a protocol for this paper from Bio-protocol.
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