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Abstract

Mitochondrial biogenesis is the process of generating new
mitochondria to maintain cellular homeostasis. Here, we report
that viruses exploit mitochondrial biogenesis to antagonize
innate antiviral immunity. We found that nuclear respiratory
factor-1 (NRF1), a vital transcriptional factor involved in
nuclear-mitochondrial interactions, is essential for RNA (VSV) or
DNA (HSV-1) virus-induced mitochondrial biogenesis. NRF1 defi-
ciency resulted in enhanced innate immunity, a diminished
viral load, and morbidity in mice. Mechanistically, the inhibi-
tion of NRF1l-mediated mitochondrial biogenesis aggravated
virus-induced mitochondrial damage, promoted the release of
mitochondrial DNA (mtDNA), increased the production of mito-
chondrial reactive oxygen species (mtROS), and activated the
innate immune response. Notably, virus-activated kinase TBK1
phosphorylated NRF1 at Ser318 and thereby triggered the inac-
tivation of the NRF1-TFAM axis during HSV-1 infection. A
knock-in (KI) strategy that mimicked TBK1-NRF1 signaling
revealed that interrupting the TBK1-NRF1 connection ablated
mtDNA release and thereby attenuated the HSV-1-induced
innate antiviral response. Our study reveals a previously
unidentified antiviral mechanism that utilizes a NRF1-mediated
negative feedback loop to modulate mitochondrial biogenesis
and antagonize innate immune response.
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Introduction

In metazoans, crosstalk between the major organelles and innate
immune signaling during infection is critical for eliminating patho-
gens and maintaining tissue homeostasis. Mitochondria are func-
tionally versatile organelles that have demonstrated activity in the
regulation of innate immunity during microbial invasion, involving
multiple mechanisms (Weinberg et al, 2015; Mills et al, 2017). Com-
ponents of mitochondria, such as mitochondrial DNA (mtDNA) and
mitochondrial reactive oxygen species (mtROS), are released in
response to mitochondrial damage and act as danger-associated
molecular patterns (DAMPs). These contribute to the formation of
mitochondrial antiviral signaling protein (MAVS) complex and have
been associated with the activation of NLRP3 inflammasome (Seth
et al, 2005; Zhang et al, 2010; Zhong et al, 2018). Viral infection
inevitably results in mitochondrial damage in hosts, and mitochon-
drial DAMPs derived from damaged mitochondria are the driving
force of innate antiviral immunity. Studies have shown that some
viruses can manipulate various steps of the molecular machinery of
mitophagy to remove damaged mitochondria for their own benefit
(Kim et al, 2013; Khan et al, 2016; Burman et al, 2017).

Considered a major contributing factor to innate immunity,
mitochondrial quality control occurs via various mechanisms,
including mitophagy, mitochondrial dynamics, proteostasis, and
mitochondrial biogenesis. Mitophagy is a selective form of
autophagy and functions to prevent the accumulation of dam-
aged mitochondria that could cause excessive innate immune
responses (Cho et al, 2020; Xu et al, 2020). Mitochondrial
dynamics adapt rapidly to manage the balance between mito-
chondrial fusion and fission, which is associated with improved
mtROS production, mitochondrial metabolism, and mitophagy
(Sprenger & Langer, 2019; Chen et al, 2020). The reprogram-
ming of mitochondrial metabolism dictates the maturation,
migration, and function of various innate immune cells through
metabolic intermediates such as succinate, fumarate, and
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itaconate (Tannahill et al, 2013; Kornberg et al, 2018; Mills
et al, 2018; Humphries et al, 2020). Mitochondrial proteostasis
also has a role in the aspect of antibacterial host defense (Pelle-
grino et al, 2014). Despite the ultimate importance of these
quality control processes in regulating innate immunity, it
remains unclear how mitochondrial biogenesis is regulated in
response to pathogens’ invasion.

Mitochondrial biogenesis is dependent on the timely and coordi-
nated transcriptional control of both mitochondrial-encoded and
nuclear-encoded genes (Attardi & Schatz, 1988). The protein-coding
capacity of the mitochondrial genome is limited to 13 respiratory
subunits. Thus, nuclear genes provide the vast majority of gene
products required for the biochemical functions and molecular
architecture of mitochondria (Scarpulla et al, 2012). The expression
of nuclear-encoded mitochondrial genes (NEMGs) was shown to be
regulated by multiple transcriptional factors, including nuclear
respiratory factor (NRF) 1, NRF2 (also known as GABP), estrogen-
related receptor alpha (ERRa), peroxisome proliferator-activated
receptor-a (PPARa), and c-Myc (Virbasius et al, 1993; Vega
et al, 2000; Vercauteren et al, 2008; Eichner & Giguere, 2011; Lee
et al, 2017). In addition, the PPARy coactivator (PGC)-1 family of
regulated coactivators (PGC1-a, PGC1-p, PRC) also exert their effects
on the expression of NEMGs through interacting with these tran-
scriptional factors (Scarpulla, 2008).

NRF1 and NRF2, which are distinct from NFE2LI (nuclear factor,
erythroid 2 like 1) and NFE2L2 (nuclear factor, erythroid 2 like 2)
genes responsible for ROS detoxification, although they share the
same names in bibliographic databases, have been found to tran-
scriptionally regulate many mammalian nuclear genes whose prod-
ucts function in the mitochondria (Scarpulla, 1996). They are able
to promote the expression of respiratory subunits that comprise all
five of the mitochondrial respiratory complexes, as well as assembly
factors, parts of mitochondrial transcription and translation machin-
ery, and auxiliary factors (TFAM, TFB1M, TFB2M) necessary for
mtDNA maintenance and stability (Kelly & Scarpulla, 2004; Scar-
pulla, 2012). Through activating mitochondrial biogenesis, NRF1
and NRF2 are capable of regulating many biological processes,
including cell metabolism, cell proliferation and differentiation,
aging, and tumorigenesis (Mohrin et al, 2015; Luo et al, 2017; Chow
et al, 2019; Ma et al, 2019). However, it remains largely unknown

Figure 1. Viral infection activates NRF1-mediated mitochondrial biogenesis.
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whether and how NRFs-mediated mitochondrial biogenesis
responds to viral infection and further regulates innate antiviral
immunity.

In this study, we identified a role for NRF1 in mediating mito-
chondrial biogenesis that was essential for regulating innate anti-
viral immunity. RNA virus and DNA virus activated NRF1-mediated
mitochondrial biogenesis, which subsequently acted to inhibit mito-
chondrial damage and reduced excessive activation of the innate
antiviral response by mitochondrial DAMPs. Consistently, NRF1
deficiency enhanced virus-induced innate antiviral immunity in
vitro and in vivo and NRF1-deficient mice were more resistant to
lethal viral infection compared with the wild-type controls. Further-
more, we also identified NRF1 as a substrate of TBK1 kinase during
HSV-1 infection. Ablation of TBKI1-mediated phosphorylation of
NRF1 specifically enhanced TFAM activity, which subsequently
inhibited innate antiviral response through attenuating mtDNA
stress. Therefore, our findings describe a crucial role for NRF1-
mediated mitochondrial biogenesis in the innate antiviral immunity
and highlight a vital link connecting innate immunity to mitochon-
drial quality control.

Results

Viral infection activates NRF1-mediated mitochondrial
biogenesis

To investigate whether NRFs-mediated mitochondrial biogenesis
occurs during viral infection, we first analyzed the expression of
NRF1, NRF2-a, and PGCl-a in mouse peritoneal macrophages
(PMs) and human monocytic leukemia (THP-1) cells infected with
vesicular stomatitis virus (VSV, RNA virus) or herpes simplex virus
1 (HSV-1, DNA virus). Interestingly, only the protein level of NRF1
was markedly increased upon viral infection (Figs 1A and EV1A).
Similar results were obtained from mouse PMs and human THP-1
cells stimulated with poly(I:C) or interferon-stimulatory DNA (ISD),
which were considered mimics of double-stranded RNA or DNA,
respectively (Figs 1A and EV1A). NrfI mRNA levels were also sub-
stantially upregulated in mouse PMs after treatment with various
stimuli to activate innate immunity (Fig 1B). Using gene

A Immunoblot analysis of NRF1, NRF2-a, and PGC1-a in mouse PMs infected with VSV or HSV-1 or treated with poly(l:C) or ISD for the indicated time points. ACTIN was
used as a loading control. Ratios of target proteins versus loading control normalized to the 0-h time point of each condition.
B qPCR analysis of Nrfl, Gabpa, and Ppargcla mRNA in mouse PMs infected with VSV or HSV-1 or treated with poly(I:C) or ISD for the indicated time points (n = 3 bio-

logical replicates per group).

C Immunoblot analysis of NRF1 expression in mouse PMs transfected with p65-specific SIRNA (si-p65) or control siRNA (si-NC) for 48 h, followed by infection with VSV
or HSV-1 for 8 h. GAPDH was used as a loading control. Ratios of target proteins versus loading control normalized to the untreated sample of each condition.
D gPCR analysis of NrfI mRNA in mouse PMs transfected with p65-specific siRNA (si-p65) or control siRNA (si-NC) for 48 h, followed by infection with VSV or HSV-1 for

8 h (n = 3 biological replicates per group).

E Immunoblot analysis of mitochondrial proteins and autophagy marker LC3 in mouse PMs transfected with NRF1-specific SiRNA (si-NRF1) or control siRNA (si-NC) for
48 h, followed by infection with VSV or HSV-1 for the indicated time points. ACTIN was used as a loading control. Ratios of target proteins versus loading control nor-

malized to the untreated sample of each condition.

F  Mitochondrial mass determined by mtDNA/nuclear DNA (nDNA) ratio in mouse PMs transfected with NRF1-specific siRNA (si-NRF1) or control siRNA (si-NC) for 48 h,
followed by infection with VSV or HSV-1 for the indicated time points (n = 3 biological replicates per group).

Data information: Data are from three independent experiments (B, D, and F) or representative data (A, C, and E) and presented as mean =+ s.e.m. ns, not significant
(P > 0.05), *P < 0.05, **P < 0.01, **P < 0.001, using a two-tailed, unpaired Student’s t-test.

Source data are available online for this figure.
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transcription profiling data available from GEO database, we indi-
cated increased NRFI mRNA expression in Dengue-infected and
hepatitis B virus (HBV)-infected patients (Fig EV1B). Consistent
with the enhanced expression of NRF1 during viral infection, the
fraction of dimerized NRF1 (activated form) was also significantly
increased in VSV or HSV-1-infected mouse PMs and human THP-1
cells (Figs EVIC and EV1D). To further detect the effect of viral
infection on the transcriptional activity of NRF1, we expressed lucif-
erase reporters driven by NRF1 binding promoter regions of TFAM
or TFBIM in HEK293T cells and found that VSV infection enhanced
the NRF1-regulated promoter activities (Fig EV1E). Previously, it
was reported that lipopolysaccharide (LPS) treatment induced
NF-kB-dependent upregulation of NRF1 (Suliman et al, 2010).
NF-kB is also activated in virus-trigged signaling, thus we sought to
determine whether NRF1 was induced by NF-xB upon viral infection
and found that inhibiting NF-kB with a p65-specific small interfering
RNA (siRNA) (Fig 1C and D) or a IkB kinase inhibitor BAY 11-7082
(Appendix Fig S1A and B) significantly abrogated virus-induced
upregulation of NRF1. These data demonstrated that viral infection
induced the activation of NRF1 in a NF-kB-dependent manner.

To further explore whether the upregulation of Nrfl induces
mitochondrial biogenesis, we next checked mitochondrial DNA
(mtDNA) and mitochondrial proteins upon viral infection and found
that VSV and HSV-1 induced an increase in the levels of mtDNA and
the amounts of mitochondrial proteins in mouse PMs as early as 4 h
after infection (Fig EV1F-H). Previous studies showed that viral
infection also activated the mitophagy machinery to clear damaged
mitochondria from host cells (Lei et al, 2012; He et al, 2019). Here,
virus-induced decreases in mtDNA and mitochondrial proteins
levels, accompanied by the increase of lipidated LC3 (LC3-II), were
observed at 8 or 12 h after viral infection. However, unlike the
decreases of mitochondrial protein and mtDNA at the late phase of
viral infection, the mRNA levels of many nuclear-encoded mito-
chondrial genes (NEMGs), such as Tfam, Cycs, Uqcrcl, Mrpll3, and
Mrpl27, were enhanced gradually during the course of a complete
infection (Fig EV1I), indicating that mitophagy and mitochondrial
biogenesis were cooperating to maintain a balanced mitochondrial
pool in virus-infected macrophages. To determine the function of
NRF1 in the virus-induced mitochondrial biogenesis, we used siRNA
to silence Nrfl and found that virus-induced expression of mito-
chondrial proteins, such as NDUFB8, SDHA, and UQCRC1, were

Figure 2. NRF1 deficiency aggravates virus-induced mitochondrial damage.
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significantly inhibited by NRF1 knockdown (Fig 1E). The copy num-
ber of mtDNA was also reduced markedly in NRF1-knockdown mac-
rophages and was maintained at a significantly decreased level at 0-
to 4-h postinfection with VSV or HSV-1 (Fig 1F). Thus, our data
demonstrate that viral infection induced NRF1 activation, which
suggests an important role in connecting mitochondrial biogenesis
and innate immunity.

NRF1 deficiency aggravates virus-induced mitochondrial damage
and primes innate immune response

To further explore the function of NRF1 in virus-triggered mitochon-
drial biogenesis, we generated myeloid-specific NRF1-deficient
(Nrf17/FLyz2°™, hereafter called Nrf1™*f°) mice (Appendix Fig S2A
and B). We first analyzed whether NRF1 deficiency had an effect on
the development and differentiation of immune cells. The results
demonstrated that the percentages of immune cells in the spleen
and thymus were similar in NrfI*”*© mice and their Nrf1™" litter-
mates, indicating that NRF1 might not be required for the develop-
ment of various lymphocytes and myeloid cells (Appendix Fig S2C-E).
To dig out the genes regulated by NRF1 upon viral infection, we
conducted high-throughput transcriptome profiling using mouse PMs
isolated from NrfI™*f® mice (NRF1-KO PMs) and their Nrf1?/F litter-
mates (wild-type PMs) after 8 h of VSV infection. The volcano plot
analysis showed 1,154 significant differentially expressed genes (DEGs)
in total, and 385 genes were upregulated and 769 genes were downre-
gulated in NRF1-KO PMs (Fig 2A). Gene Ontology Cellular Component
(GO_CC) enrichment analysis with the downregulated DEGs showed
that the “mitochondrial inner membrane” represented the most
enriched term (Fig 2B). Of note is that many mitochondrial respiratory
genes, such as Ndufa8, Ndufb8, Ndufbll, Sdha, Sdhaf4, and Uqcrel,
were impaired by NRF1 deficiency (Fig 2C), indicating an importance
of NRF1 for the maintenance of mitochondrial respiration in
macrophages.

To further determine the effect of NRF1 deficiency on mitochon-
dria, we first analyzed mitochondrial quality in NRF1-KO PMs at
steady state without pathogen invasion. The results showed that
NRF1 deficiency induced a decrease in the transcript levels of many
NEMGs (Fig EV2A). However, unlike the reduced mRNA expres-
sion, only the protein level of NDUFB8 (subunit of complex I) and
mitochondrial complex I was decreased in NRF1-KO PMs (Fig EV2B;

A-C RNA-sequencing (RNA-seq) analysis of gene expression in wild-type and NRF1-KO mouse PMs (n = 3 biological replicates per group) infected with VSV for 8 h. (A)
Volcano plot of the differentially expressed genes (DEGs, log,FC > 0.5, P,q; < 0.05). Red and blue dots represent the significantly upregulated and downregulated
genes in NRF1-KO mouse PMs, respectively. (B) Gene ontology (GO) enrichment analysis of downregulated DEGs in NRF1-KO mouse PMs. Results showing top 5 sig-
nificantly enriched GO terms in cellular component (CC). (C) Pheatmap analysis showing downregulated DEGs encoding mitochondrial inner membrane proteins.

TPM, transcripts per kilobase of exon model per million mapped reads.

D Mitochondrial mass determined by mtDNA/nuclear DNA (nDNA) ratio in wild-type and NRF1-KO mouse PMs infected with VSV or HSV-1 for the indicated time

points (n = 3 biological replicates per group).

E Flow cytometric analysis of mitochondria status in wild-type and NRF1-KO mouse PMs infected with VSV or HSV-1 for 8 h. Gates represent cells with damaged
mitochondria. Quantification of cells with damaged mitochondria (n = 3 biological replicates per group).

F, G The representative curves of oxygen consumption rate (OCR) in wild-type and NRF1-KO mouse PMs infected with VSV (F) or HSV-1 (G) for 8 h (n = 5 biological rep-
licates per group). Oligomycin: 1 pM, FCCP: 4 puM, Rotenone: 1 pM. Quantification of basal and maximal OCR.

H, 1 Electron micrographs of mitochondria in wild-type and NRF1-KO mouse PMs infected with VSV or HSV-1 for 8 h. Scale bars, 500 nm (H). (I) Quantitative analysis of
mitochondrial cristae (the ratio of cristae number to mitochondrial area) in (H) (20-30 mitochondria per group, biological replicates).

Data information: Data are from three independent experiments (D) or at least three biological replicates (E-I) and presented as mean =+ s.e.m. ns, not significant
(P > 0.05), *P < 0.05, **P < 0.01, ***P < 0.001, using a two-tailed, unpaired Student’s t-test.

Source data are available online for this figure.
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Appendix Fig S3), which is consistent with the report that loss
of an individual accessory subunit often disrupted assembly of com-
plex I (Stroud et al, 2016). Furthermore, although a decreased level
of mtDNA was observed in NRF1l-knockdown PMs, the

© 2023 The Authors

mitochondrial mass determined by mtDNA/nDNA ratio showed
no significant difference between wild-type and NRF1-KO PMs
(Fig EV2C). We reason that the long-term ablation of NRF1 may
activate some compensatory effects to prevent mtDNA depletion in
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NRF1-KO PMs. Notably, Tfam, a canonical NRF1 target gene whose
major function is to regulate mtDNA replication and transcription,
was downregulated by NRF1 deficiency at 8-h postinfection with
VSV or HSV-1 but not at steady state (Fig EV2D). These data suggest
that NRF1 may only function in mitochondrial quality control dur-
ing viral infection.

We next tested the effect of NRF1 deficiency on mitochondrial
quality upon viral infection. In NRF1-KO PMs, virus-induced expres-
sion of mitochondrial proteins (NDUFB8, SDHA, UQCRC1) was sig-
nificantly blocked (Fig EV2E and F). Consistently, the increase of
mtDNA copy number at 4-h postinfection with VSV or HSV-1 was
also blocked in NRF1-KO PMs, which indicated that NRF1 deficiency
inhibits mitochondrial biogenesis after viral infection (Fig 2D). How-
ever, differences in mtDNA copy number between wild-type and
NRF1-KO PMs were disappeared at the late phase of viral infection
(8 and 12 h) (Fig 2D), suggesting that NRF1 deficiency may also
affect some other mitochondrial quality control pathways. A previ-
ous study reported that NRF1 promotes mitophagy through the
PINK1-Parkin mechanism. Postulating that NRF1-mediated synthe-
sis of new mitochondria is the fundament for the subsequent elimi-
nation of damaged mitochondria via mitophagy, we next examined
the effect of NRF1 deficiency on virus-induced mitophagy. We
observed induced colocalization of mitochondria with endogenous
LC3 after viral infection, which is significantly inhibited by NRF1
deficiency (Fig EV2G and H). To confirm that mitophagy flux was
altered in NRF1-KO PMs, we co-stained for mitochondria and lyso-
somes using LysoTracker and found a decrease in colocalization of
mitochondria with lysosomes in NRF1-KO PMs after viral infection
(Fig EV2I and J), indicating that NRF1 deficiency attenuates virus-
induced mitophagy.

Given that the loss of NRF1 inhibits mitochondrial biogenesis
and mitophagy, we further investigated whether NRF1 deficiency
triggers mitochondrial dysfunction. Using a fluorescence-based
assay and flow cytometry to quantitate mitochondrial damage, we
found that viral infection induced the appearance of damaged mito-
chondria, and this was exacerbated in NRF1-KO PMs (Fig 2E). To
confirm these findings, we assessed the rates of mitochondrial oxi-
dative phosphorylation (OxPhos) by measuring cellular oxygen con-
sumption rate (OCR). The data suggested that NRF1-KO PMs
exhibited a lower level of basal and maximal OxPhos compared
with wild-type PMs after viral infection (Fig 2F and G). Transmis-
sion electron microscopy (TEM) analysis revealed that mitochon-
drial cristae appeared normal in wild-type and NRF1-KO PMs at
baseline. By contrast, after viral infection, NRF1-KO PMs showed a
stronger reduction of mitochondrial cristae compared with wild-type
PMs (Fig 2H and I), indicating that NRF1 deficiency aggravates
virus-induced mitochondrial damage. Taken together, our results
suggest that NRF1-mediated mitochondrial quality control is critical
for maintaining mitochondrial homeostasis during viral infection.

Of note, although the copy number of mtDNA was not changed
in NRF1-KO PMs at steady state, we found that the cytosolic mtDNA
was remarkably higher caused by NRF1 deficiency (Appendix Fig
S4A and B). We speculated that NRF1 deficiency might promote the
opening of mitochondrial permeability transition pore (MPTP) by
affecting some mitochondrial inner membrane proteins and thus
enhanced the release of mtDNA. To test this hypothesis, we blocked
the opening of mPTP by cyclosporin A (CsA) and found that the
effect of NRF1 deficiency on mtDNA release was significantly
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inhibited (Appendix Fig S4C). Elevated cytosolic mtDNA often
primes innate immune response in macrophages. To determine the
activation of innate immunity in NRF1-KO PMs, we analyzed the
total and phosphorylated levels of TBK1, p65, and STAT1, which
are the central components in the NF-xB and type I interferon signal-
ing pathways (Hayden & Ghosh, 2008; Takeuchi & Akira, 2010).
The results showed that NRF1 deficiency had a limited effect on the
total levels of TBK1, p65, and STAT1. However, the levels of phos-
phorylated TBK1, p65, and STAT1 were markedly increased in
NRF1-KO PMs (Appendix Fig S4D). We also found that NRF1 defi-
ciency induced mRNA expression of genes encoding type I IFN
(Ifna4) or proinflammatory cytokines (I1b), as well as transcription
factors Irf7, interferon-stimulated genes (Usp18, Mx1, Ifit1, and Ifit3)
that function to positively reinforce innate immune response
(Appendix Fig S4E), implying that loss of NRF1 may achieve a
great positive impact on innate antiviral response.

NRF1 negatively regulates innate antiviral signaling

To further explore the function of NRF1 in innate antiviral signaling,
we performed luciferase reporter assays and found that overexpres-
sion of NRF1 attenuated VSV-induced activation of interferon-
stimulated response element (ISRE), NF-kB and IFN-p promoter in a
dose-dependent manner (Fig 3A). Overexpression of NRF1 also
resulted in diminished expression of IFNBI induced by VSV or poly
(I:C) in HEK293T cells (Fig EV3A). Conversely, using siRNA to
silence NRF1, we found that poly(I:C)- and ISD-induced activation
of TBK1, p65, and STAT1 was markedly increased in NRF1-
knockdown PMs (Fig EV3B). Moreover, knockdown of NRF1 by
siRNA substantially potentiated the expression of genes encoding
type I interferon (IfnbI) and proinflammatory cytokines (Il6 and
Tnfa) after infection with VSV or HSV-1 or stimulation with poly(I:
C) or ISD (Fig EV3C-F). Consistently, qRT-PCR assay and plaque
assay showed that the replication of virus was strongly inhibited by
NRF1 depletion. (Fig EV3G and H).

We next infected wild-type and NRF1-KO PMs with VSV or HSV-1
and found that virus-induced phosphorylation of TBK1, p65, and
STAT1 was remarkably enhanced in NRF1-KO PMs (Fig 3B). Similar
results were obtained from mouse PMs stimulated with poly(I:C) or
ISD (Fig 3C). Consistently, qRT-PCR analysis showed that the mRNA
levels of Ifnbl, 116, Tnfa, and Cxcll10 were significantly increased in
NRF1-KO PMs compared with wild-type PMs after infection with
VSV or HSV-1, or stimulation with poly(I:C) or ISD (Fig 3D). Of note,
the effects of NRF1-KO on the antiviral responses induced by these
stimuli were not identical, which may be caused by their different
signaling cascades. We next performed ELISA assay and found that
the secretion of IFN-B, IL6, and TNF-« from NRF1-KO PMs was also
much more abundant than that of wild-type PMs after treatment with
various stimuli to activate innate antiviral immunity (Fig 3E). Such
an elevated innate antiviral response coincided with a lower viral
titer in NRF1-KO PMs (Fig 3F). Collectively, these results suggest a
negative regulatory role of NRF1 in innate antiviral signaling.

NRF1 deficiency protects mice against viral infection
To elucidate the physiological role of NRF1 in host defense against

viral infection in vivo, we challenged Nrf1™”®f® (NRF1-KO) mice
and their Nrf1*/F (wild-type) littermates with VSV or HSV-1. IFN-B,

© 2023 The Authors
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Figure 3. NRF1 negatively regulates innate antiviral signaling.

Tian Zhao et al

A Luciferase activity of IFN-B, NF-kB, and ISRE promoter reporter in HEK293T cells transfected with empty vector or plasmids encoding incremental NRF1-Myc for
24 h followed by infection with VSV for 8 h (n = 4 biological replicates per group).

B, C Immunoblot analysis of phosphorylated and total TBK1, p65, and STAT1 in wild-type and NRF1-KO mouse PMs infected with VSV or HSV-1 (B) or stimulated with
poly(l:C) or ISD (C) for the indicated time points. GAPDH was used as a loading control. Ratios of phosphorylated proteins versus total proteins normalized to the 0-

or 4-h time point of each wild-type sample.

D gPCR analysis of Ifnb1, Il6, Tnfa and Cxcl10 mRNA in wild-type and NRF1-KO mouse PMs infected with VSV or HSV-1 or stimulated with poly(1:C) or ISD for the indi-

cated time points (n = 3 biological replicates per group).

E ELISA quantification of IFN-B, IL6, and TNF-a secretion in wild-type and NRF1-KO mouse PMs treated as in (D) (n = 3 biological replicates per group).
F Plaque assay of VSV and HSV-1 titers in wild-type and NRF1-KO mouse PMs at 8 h after infection with those viruses (n = 3 biological replicates per group).

Data information: Data are from three independent experiments (D—F) or representative data (B and C) and presented as mean =+ s.e.m. ND, not detectable, *P < 0.05,

**p < 0.01, **P < 0.001, using a two-tailed, unpaired Student’s t-test.
Source data are available online for this figure.

IL6, and TNF-a protein abundance in the sera after VSV or HSV-1
infection was significantly increased in the NRF1-KO mice compared
with those in the wild-type littermates (Fig 4A). For VSV infection,
the results showed that the expression of Ifnb1, Il6, and Tnfa were
significantly higher in the lungs of NRF1-KO mice than in the lungs
of wild-type littermates at 24 h after infection (Fig 4B), whereas the
replication of VSV in the lungs of NRF1-KO mice was severely
compromised compared with the wild-type littermates (Fig 4C).
Hematoxylin and eosin (HE) staining also showed less injury in the
lungs of NRF1-KO mice after VSV infection (Fig 4D). During HSV-1
infection, the hyperactivation of innate antiviral response was also
observed in the brain tissues of NRF1-KO mice (Fig 4E). In addition,
the mRNA levels of HSV-1 UL30 gene and HSV-1 viral titers were
significantly decreased in the brains of NRF1-KO mice compared
with the brains of wild-type littermates (Fig 4F). We next infected
NRF1-KO mice and wild-type littermates by intraperitoneal infection
of HSV-1 and monitored their survival. The results showed that
NRF1-KO mice possessed lower mortality than wild-type mice upon
infection with HSV-1 (Fig 4G). Collectively, these results suggest
that NRF1 deficiency enhanced resistance to viral infection in vivo.

Mitochondrial DAMPs promoted by NRF1 deficiency contribute to
the innate antiviral immunity

Next, we sought to examine how NRF1 deficiency promotes innate
antiviral immunity. MtROS and mtDNA are two main mitochondrial
DAMPs that have important roles in the control of viral survival and
innate antiviral response in macrophages (Zhou et al, 2011; Elliott &
Sutterwala, 2015), and accumulation of damaged mitochondria often
correlates with higher mtROS production and elevated mtDNA
release (Nakahira et al, 2011; Palikaras et al, 2018). We therefore
checked whether the enhanced innate antiviral response in NRF1-KO
macrophages was due to aberrant mtROS production and mtDNA
release. Using the mitochondria-specific ROS indicator MitoSOX, we
first confirmed that VSV or HSV-1 induced a significant increase in
the level of mtROS in mouse PMs at 12 h after infection with VSV or
HSV-1, or stimulation with poly(I:C) or ISD (Fig EV4A). On the other
hand, mtDNA release was readily apparent after 4 h of HSV-1 chal-
lenge or ISD stimulation, whereas VSV infection or poly(I:C) stimula-
tion could not induce mtDNA stress (Fig EV4B).

Given that the infection of virus induces the release of mitochon-
drial DAMPs, we wanted to know whether NRF1 deficiency pro-
motes these processes. In NRF1-KO PMs, we found that VSV and
HSV-1 induced an enhancement of mtROS production as early as 4 h
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after infection, which is not appeared in wild-type PMs (Fig 5A).
Notably, NRF1 deficiency led to a lower level of basal mtROS, which
may be caused by the reduction of respiratory complex I, a main site
at which electrons leak to oxygen and result in superoxide produc-
tion. To investigate whether NRF1 deficiency had an effect on
mtDNA release upon viral infection, we isolated pure cytosolic frac-
tions from VSV or HSV-1-infected wild-type and NRF1-KO PMs and
quantified the mtDNA amount via qPCR. We detected significant
enrichment for mtDNA (mt-Rnr2 and mt-Nd4) in the cytosolic com-
partments of NRF1-KO PMs when compared to wild-type PMs
(Fig 5B). Using an anti-DNA antibody to indicate DNA, we found that
NRF1 deficiency decreased the colocalization between mtDNA and
mitochondria in PMs (Fig 5C and D). These results indicate that
NRF1 deficiency promotes mitochondrial DAMPs production during
viral infection.

We further determined whether the elimination of mitochondria-
derived DAMPs would reverse the enhanced innate antiviral
response in NRF1-KO PMs. Through treating mouse PMs with ethi-
dium bromide (EtBr), a mtDNA replication inhibitor, which depletes
mtDNA and blocks mitochondrial function (Zhong et al, 2016), we
found that mtDNA depletion inhibited the activation of innate anti-
viral response and attenuated excessive IL6 and IFN-p secretion in
both wild-type and NRF1-KO PMs after viral infection (Figs 5E and
EV4C and D). Next, we examined whether sequestering mtROS
would attenuate the effect of NRF1 deficiency. Using a mtROS scav-
enger (MitoQ) (Chernyak et al, 2006), we found that virus-induced
higher activation of Ifnbl and Ii6 resulting from NRF1 deficiency
was lost after the treatment of MitoQ (Figs 5F and EV4E). We fur-
ther confirmed that mitochondrial DAMPs also contributed to poly
(I:C)- and ISD-induced innate antiviral immunity in NRF1-KO PMs
(Appendix Fig S5A and B). Moreover, we challenged Nrf1*ek0
(NRF1-KO) mice and their Nrf1*/* (wild-type) littermates with VSV
or HSV-1 and found that virus-induced enhanced innate antiviral
response in NRF1-KO mice was reversed by MitoQ pretreatment
(Figs 5G-I and EV4F). These data collectively suggest that deficiency
of NRF1-mediated mitochondrial quality control potentiates virus-
induced mitochondrial DAMPs release and thereby enhancing
innate antiviral immunity.

Ser318 of NRF1 is critical for the innate antiviral response during
HSV-1 infection

Although both VSV and HSV-1 promoted mitochondrial DAMPs pro-
duction, we note that only HSV-1 could induce mtDNA release in

© 2023 The Authors
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Figure 4. NRF1 deficiency protects mice against viral infection.

A 8-week-old Nrf1™F and Nrf?™¢k° mice (n = 3 for PBS treatment and n = 6 for virus treatment) were intravenously infected with VSV (4 x 107 PFU/mouse) or HSV-1
(1 x 107 PFU/mouse). After 24 h, ELISA quantification of IFN-, IL6, and TNF-a in sera.

O Mmoo W@

qPCR analysis of Ifnb1, Il6, and Tnfa mRNA in the lung of Nrf1”" and Nrf1"¢° mice infected with VSV as in A (n = 6 per group).

qPCR analysis of VSV mRNA and plaque assay of VSV titers in the lungs of Nrf1™F and Nrf1"”¢k° mice infected with VSV as in A (n = 6 per group).
Hematoxylin—eosin staining of lung sections from mice treated with PBS or VSV as in (A). Scale bar, 100 pum.

qPCR analysis of Ifnb1, lI6, and Tnfa MRNA in the brains of Nrf1”F and NrfI™¢*° mice infected with HSV-1 as in (A) (n = 6 per group).

qPCR analysis of HSV-1 UL30 mRNA and plaque assay of HSV-1 titers in the brain of Nrf1”7F and Nrf1™”¢%° mice infected with HSV-1 as in (A) (n = 6 per group).
Survival of Nrf1”F and Nrf1"”¢k° mice (n = 10 per group) at various times after intraperitoneal (i.p.) infection with HSV-1 (2 x 107 PFU per mouse).

Data information: Data are presented as mean + s.e.m. The two-tailed, unpaired Student’s t-test (A—F) or log-rank (Mantel-Cox) test (G) were used to measure

significance. *P < 0.05, **P < 0.01, ***P < 0.001.
Source data are available online for this figure.

wild-type and NRF1-KO PMs as early as 4 h after infection. We spec-
ulated that HSV-1 might control NRF1 activity in an unrecognized
manner. It has been shown that the activity of NRF1 was highly cor-
related with its phosphorylation level (Gugneja & Scarpulla, 1997;
Chow et al, 2019; Palmer et al, 2019). To determine whether NRF1
was phosphorylated during viral infection, we performed Phos-tag
mobility shift assay (PTMSA) and found that HSV-1 infection, but

© 2023 The Authors

not VSV infection, induced a significant migration of NRF1 band,
which indicated an increased phosphorylation level of NRF1 after
the infection of HSV-1 (Fig 6A). We next explored which kinase was
responsible for NRF1 phosphorylation. TBK1 was an important ser-
ine/threonine kinase in the innate immune system. A shifting band
often accompanied substrate phosphorylation induced by TBK1 in
PTMSA and SDS-PAGE (Heo et al, 2015, 2018; Zhao et al, 2018).
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Figure 5. Mitochondrial DAMPs promoted by NRF1 deficiency contribute to the innate antiviral immunity.

A mtROS levels measured by MitoSOX staining and flow cytometry in wild-type and NRF1-KO mouse PMs infected with VSV (left) or HSV-1 (right) for the indicated
time points. MFI, mean fluorescence intensity (n = 3 biological replicates per group).

B DNA was isolated from digitonin extracts of wild-type and NRF1-KO mouse PMs infected with VSV (left) or HSV-1 (right) for the indicated time points. Cytosolic
translocation of mtDNA was quantified via qPCR using the indicated primer sets. 18S rRNA served as a control (n = 3 biological replicates per group).

C,D Wild-type and NRF1-KO mouse PMs infected with VSV (8 h) or HSV-1 (4 h) were imaged by confocal microscope after staining with anti-DNA (DNA) and anti-
Prohibitin (Mito) antibodies. Scale bars, 5 pm (C). (D) The number of cytosolic mtDNA puncta per cell was quantitated by ImageJ (n = 30 cells per group).

E ELISA quantification of IFN-B (left) and IL6 (right) in wild-type and NRF1-KO mouse PMs pretreated with or without EtBr (450 ng/ml, 72 h), followed by infection
with VSV or HSV-1 for 8 h (n = 3 biological replicates per group).

F ELISA quantification of IFN-B (left) and IL6 (right) in wild-type and NRF1-KO mouse PMs pretreated with or without MitoQ (100 nM, 2 h), followed by infection
with VSV or HSV-1 for 8 h (n = 3 biological replicates per group).

G ELISA quantification of IFN-B (left) and IL6 (right) from Nrf1”" and Nrf1"”¢k° mice pretreated with MitoQ (5 mg/kg body weight, i.p. injection) for 1 h and then
infected i.p. with PBS, VSV (5 x 10% PFU/mouse) or HSV-1 (1 x 10’ PFU/mouse) for 24 h (n = 3 for PBS treatment and n = 6 for virus treatment).

H  gPCR analysis of /fnb1 and /l6 mRNA in the lungs of Nrf1?" and Nrf1™° mice pretreated with MitoQ as in (G) and 1 h later infected i.p. with VSV (5 x 10 PFU/

mouse) for 24 h (n = 6 per group).
qPCR analysis of Ifnb1 and /6 mMRNA in the brains of Nrf1”" and Nrf1™¥*° mice pretreated with MitoQ as in (G) and 1 h later infected i.p. with HSV-1 (1 x 10’
PFU/mouse) for 24 h (n = 6 per group).

Data information: Data are from three independent experiments (A, B, and D—F) or representative data (C) and presented as mean + s.e.m. ns, not significant (P > 0.05),

*P < 0.05, **P < 0.01, ***P < 0.001, using a two-tailed, unpaired Student’s t-test.
Source data are available online for this figure.

We found that overexpression of TBK1 wild-type (WT) but not
TBK1 K38A kinase-dead mutant (KD) resulted in a shift of NRF1
band in SDS-PAGE (Figs 6B and EVSA). Calf-intestinal alkaline
phosphatase (CIP) treatment of cell lysates abolished the shift
induced by wild-type TBK1 (Fig EV5B). We further found that NRF1
strongly interacted with TBK1 and this association was enhanced
during HSV-1 infection (Fig 6C and D). In vitro kinase assay also
showed increased phosphorylation of NRF1 induced by wild-type
TBK1 but not kinase-dead TBK1 (Fig 6E). These data indicated that
TBK1 could interact with and phosphorylate NRF1.

To further address the phosphorylated sites in NRF1 by TBK1,
NRF1 immunoprecipitated from HEK293T cells with wild-type TBK1
or kinase-dead TBK1 overexpression was detected by antibody
targeting phospho-Ser or phosphor-Thr, respectively. The results
showed that the mobility shift of NRF1 could only be recognized by
phospho-Ser antibody indicating that NRF1 is phosphorylated by

TBK1 on serine residues (Fig EV5C). We next constructed different
NRF1 truncations and identified the amino acids 301-503 on NRF1
as the phosphorylated region by TBK1 (Fig EV5D). We subsequently
constructed a series of NRF1 point mutants and found that Ser318
and Ser384 were two critical residues for the mobility shift of NRF1
induced by TBK1 (Fig EVSE). Although the Ser393 of NRF1 also
mediated a shifting band of NRF1, it has no effect on TBK1-induced
NRF1 mobility shift. Notably, the point substitution 2SA (S318A/
S384A) almost completely blocked the phosphorylated shift of NRF1
induced by TBK1 (Fig EVSF and G). A comparison of NRF1
sequences from multiple species revealed that both Ser318 and
Ser384 are conserved (Fig EVSH). Furthermore, utilizing an anti-
body specific for the NRF1 Ser318-phosphorylation site, we detected
robust signal for NRF1 phosphorylated at Ser318 induced by TBK1
(Figs 6F and EVSI). We then investigated the potential effect of
TBK1-mediated phosphorylation on the transcriptional activity of

Figure 6. Ser318 of NRF1 is critical for the innate antiviral response during HSV-1 infection.

A Immunoblot analysis and Phos-tag SDS—PAGE analysis of mouse PMs infected with VSV or HSV-1 for the indicated time points.

Immunoblot analysis of whole-cell lysates from HEK293T cells transfected to express Flag-TBK1 WT or Flag-TBK1 kinase-dead mutant (KD).
Interaction between TBK1 and NRF1 in HEK293T cells was detected by co-immunoprecipitation of differentially tagged proteins.

B
C
D

m

L

The endogenous complex of TBK1 and NRF1 in iBMDM cells was revealed by co-immunoprecipitation using anti-TBK1 antibody and visualized by using anti-NRF1
antibody.

HEK293T cells were transfected to express Flag-TBK1 WT or Flag-TBK1 kinase-dead mutant (KD) for 24 h and harvested. The immunoprecipitated Flag-TBK1 WT or
Flag-TBK1 KD was incubated with purified His-NRF1 in the presence of unlabeled ATP and resolved by SDS—-PAGE, followed by immunoblot analysis with antibody to
phospho-Ser/Thr, anti-NRF1 or anti-Flag.

HEK293T cells were transfected to express NRF1-Myc WT or NRF1-Myc S318A with Flag-TBK1 WT or Flag-TBK1 kinase-dead mutant (KD) for 24 h and harvested. The
cell lysates were immunoprecipitated with anti-Myc antibody, followed by immunoblot analysis with antibody to NRF1 phosphorylated at Ser318, anti-Myc, or anti-
Flag.

Endogenous phospho-NRF1 S318 signal was detected in wild-type and NRF1 S318A mouse PMs after the infection with different viruses for 8 h. The red arrows indi-
cate phosphorylated signals for NRF1.

Heatmap showing the relative expression of mitochondrial genes in wild-type and NRF1 S318A mouse PMs at steady state and 8 h after infection with HSV-1. Expres-
sion signals are depicted using pseudocoloring, in which expression for each gene is shown as high (red) or low (blue) (n = 3 biological replicates per group).

qPCR analysis of Ifnb1 and Il6 mRNA in wild-type and NRF1 S318A mouse PMs infected with VSV or HSV-1 for 8 h (n = 3 biological replicates per group).

ELISA quantification of IFN-B and IL6 secretion in wild-type and NRF1 S318A mouse PMs treated as in (I) (n = 3 biological replicates per group).

8-week-old wild-type and NRF1 S318A mice (n = 3 for PBS treatment and n = 6 for HSV-1 treatment) were intravenously infected with HSV-1 (1 x 10”7 PFU/mouse).
After 24 h, ELISA quantification of IFN-p, IL6, and TNF-« in sera.

Survival of wild-type and NRF1 $318A mice (n = 10 per group) at various times after intraperitoneal infection with HSV-1 (2 x 10”7 PFU per mouse).

Data information: Data are from three independent experiments (H-J) or representative data (A-G) and presented as mean + s.e.m. ns, not significant (P > 0.05),
*P < 0.05, **P < 0.01. The two-tailed, unpaired Student’s t-test (I-K) or log-rank (Mantel-Cox) test (L) were used to measure significance.
Source data are available online for this figure.
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Figure 6.

NRF1. We indeed observed that the phosphorylation-defective
S318A, S384A, and 2SA NRF1 mutants induced a significant
increase in NRF1-driven TFAM luciferase reporter activation com-
pared with their phosphorylation-mimicking S318D, S384D, and
2SD NRF1 mutants, respectively (Appendix Fig S6A). Consistently,
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an electrophoretic mobility shift assay (EMSA) analysis showed that
the S318A and S384A NRF1 mutants exhibited a higher binding
activity to NBE-probe (a synthesized DNA containing NRF1 binding
sites in TFAM promoter region, NRF1 binding element) than their
$318D and $384D NRF1 mutants, respectively (Appendix Fig S6B).
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These data suggest that TBK1 phosphorylates and inactivates NRF1
during HSV-1 infection.

To further understand the functional importance of TBKI1-
induced phosphorylation of NRF1, we generated knock-in (KI)
mice by CRISPR-based genome editing to mutate NRF1 residue
Ser318 into alanine. Homozygous mutant mice were viable and
fertile and showed no obvious difference in sizes and morphol-
ogies compared with wild-type mice (Appendix Fig S6C). We
next test whether the phosphorylation of NRF1 at Ser318 induced
by TBK1 is unique to DNA virus. We used another RNA virus,
Sendai Virus (SeV), and another DNA virus, Pseudorabies Virus
(PRV), and found that the DNA virus HSV-1 and PRV could
induce a significant increase in the phosphorylated level of NRF1
at Ser318 in wild-type PMs but not in NRF1 S318A PMs (Fig 6G).
However, a slight signal for NRF1 phosphorylated at Ser318 was
detected after the infection of SeV but not VSV, which indicated
that the phosphorylation of NRF1 is subject to multiple regulatory
mechanisms during RNA virus infection. Given that the phosphor-
ylation at Ser318 had an impact on the transcriptional activity of
NRF1, we next sought to examine how NRF1 S318A mutation
affects mitochondrial quality upon HSV-1 infection. Results from
gRT-PCR analysis suggested that wild-type and NRF1 S318A PMs
exhibited no significant difference in the transcript levels of many
NEMGs (Ndufa8, Ndufb8, Sdha, Uqcrcl, Cycs) at steady state and
8-h postinfection with HSV-1. Interestingly, the transcription of
Tfam and mtDNA was markedly enhanced in NRF1 S318A PMs
(Fig 6H). Consistent with the increased mRNA levels of Tfam and
mtDNA-encoded genes, the protein levels of TFAM and mtDNA-
encoded mitochondrial respiratory complexes subunits, such as
cytochrome ¢ oxidase subunit 2 (mt-CO2) and mitochondrial-
encoded ATP synthase membrane subunit 6 (mt-ATP6), were
remarkably higher in NRF1 S318A PMs than those in wild-type
PMs (Appendix Fig S6D).

Next, we determined whether NRF1 S318A mutation affects
innate antiviral immunity. Previous studies have shown that
TFAM depletion impairs mtDNA transcription and induces mtDNA
release, which subsequently activates cGAS-STING and NF-kB sig-
naling (West et al, 2015; Chung et al, 2019). Analysis of isolated
pure cytosolic extracts revealed that the cytosolic mtDNA was
remarkably reduced in NRF1 S318A PMs compared with wild-type
PMs at steady state and 4-h postinfection with HSV-1 (Appendix
Fig SGE). Consistently, HSV-1 but not VSV induced a significantly
lower activation of Ifnbl and Il6 in NRF1 S318A PMs (Fig 61 and
J). Furthermore, we challenged wild-type and NRF1 S318A KI
mice with HSV-1 and found that the protein level of IFN-p, IL6,
and TNF-« in sera were significantly decreased in NRF1 S318A KI
mice compared with those in wild-type mice (Fig 6K). In addition,
NRF1 S318A KI mice showed higher mortality than wild-type mice
after infection with HSV-1 (Fig 6L). Collectively, these data indi-
cate that TBK1-induced NRF1 phosphorylation is critical in regu-
lating mtDNA stress and physiologically important to host
antiviral defense.

Discussion

The maintenance of host mitochondrial homeostasis is essential for
the activation of innate immunity. Despite initiation that may be

© 2023 The Authors
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independent of mitochondria, numerous innate immune responses
are still regulated by mitochondria as the transmission of their sig-
nals requires mitochondrial platform or components. Increasing
data suggest that many innate immune signaling pathways are
highly integrated with cellular mitochondrial quality control pro-
cess, which not only remodels mitochondrial networks but also pro-
vides guidance for the survival of pathogens. For example,
mitophagy and mitochondrial dynamics could be manipulated by
pathogens to remove damaged mitochondria from the host and ben-
efit viral or microbial survival (Li et al, 2005; Kim et al, 2014; Zhang
et al, 2019). Several viruses could induce mitochondrial fission,
which subsequently activates mitophagy during infection (Kim
et al, 2013; Li et al, 2016).

However, whether and how mitochondrial biogenesis is regu-
lated in response to infection is largely unknown. In this study, we
identified and characterized a novel role of NRF1 in regulating
innate antiviral immunity. Viral infection induced a NF-xB-
dependent activation of NRF1-mediated mitochondrial biogenesis,
which was reflected by increases in mitochondrial proteins, mito-
chondrial genes mRNA level, and mtDNA copy number. Abrogation
of NRF1-mediated mitochondrial biogenesis significantly aggravated
virus-induced mitochondrial damage and enhanced innate antiviral
immunity in macrophages and mice (Fig 7). These findings revealed
the importance of NRF1-mediated mitochondrial biogenesis in the
control of overall mitochondria functionality and innate antiviral
immunity.

Innate immunity plays a critical role in detecting and correcting
both infectious and sterile insults. Activation of innate immune
response requires the recognition of the insult through pattern rec-
ognition receptors (PRRs) (Takeuchi & Akira, 2010). These PRRs
could bind to their specific activating ligands, including viral nucleic
acids, endogenous DAMPs, and synthetic DNA or RNA, and trigger
multiple signaling cascades that culminate in the activation of
NF-kB, MAPK, and type I interferon pathways (Hayden et al, 2006;
West et al, 2006; Takeuchi & Akira, 2009). In the present study, we
demonstrated that various stimuli used to activate innate immunity
could enhance the expression of NRF1 in a NF-kB-dependent man-
ner. Although HSV-1 and ISD appeared to have a stronger effect on
NRF1 expression compared with VSV and poly(I:C), which may be
caused by the difference in the beginning and discrete steps of their
signaling cascades, we did observe the activation of NRF1 targets
after VSV and HSV-1 infection.

NRF1 has been identified as an important regulator of mitochon-
drial biogenesis through governing the expression of mitochondrial
components (Virbasius & Scarpulla, 1994; Scarpulla et al, 2012).
Activation of NRF1 often induces increased mitochondrial number
accompanied by the augmentation of mitochondrial respiratory
capacity. However, to maintain an optimal state of cellular mito-
chondrial quality, mitochondrial biogenesis was tightly coordinated
with mitophagy (Palikaras & Tavernarakis, 2014; Liu et al, 2021a).
The balance between these two opposing forces determines the
mitochondrial turnover rate and maintains a healthy mitochondrial
pool. In our study, an increased mitochondrial mass induced by
NRF1 activation occurs at an early phase of viral infection, which is
considered as the preparation for the subsequent elimination of
damaged mitochondria via mitophagy. A previous study had also
linked NRF1 to mitophagy through positive regulation of PINK1 and
PARKIN (Lu et al, 2020). Here, a decreased mRNA level of PinkI
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Figure 7. A proposed model of the NRF1-mediated mitochondrial biogenesis in regulating innate antiviral immunity.

was observed in NRF1-KO PMs, and virus-induced mitophagy was
also partially inhibited by NRF1 deficiency. Given the importance of
NRF1 to the balance of mitochondrial biogenesis and mitophagy, it
is found that NRF1 deficiency significantly exacerbated virus-
induced mitochondrial damage. The DAMPs derived from damaged
mitochondria subsequently induced hyperactivation of innate anti-
viral immunity in NRF1-KO PMs and mice. Some studies have
suggested that a default in mitophagy leads to mitochondrial DAMPs
release (Zhong et al, 2016; Li et al, 2019), which seems to attribute
the effect of NRF1 deficiency on innate immunity to mitophagy.
However, the regulatory function of NRF1 on mitophagy is associ-
ated with its transcriptional activation of mitochondrial genes, and
NRF1-mediated mitochondrial biogenesis is initiated earlier than the
occurrence of mitophagy, so we consider NRF1-mediated mitochon-
drial biogenesis as the primary contributor to the regulation of
innate immunity.

Although we focused primarily on the mitochondrial homeostasis
to demonstrate how NRF1 depletion affects host response to viral
infection, it should not be inferred that the function of NRF1 is lim-
ited to the regulation of mitochondria in innate immune system.
Genome-wide chromatin immunoprecipitation (ChIP) analyses have
identified thousands of genes whose promoters are occupied by
NRF1 in somatic cells (Satoh et al, 2013; Domcke et al, 2015), indi-
cating the much broader function of NRF1 that have not been clari-
fied. In our transcriptomic profile, NRF1 deficiency caused
significant changes in various biological processes, including DNA
repair, cell cycle, ncRNA metabolic process, and macromolecule
methylation. Of note is that several of these processes also have an
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association with innate immunity. DNA repair could respond to
DNA damage and further regulate cGAS-STING pathway (Li &
Chen, 2018; Guan et al, 2021; Liu et al, 2021b). Depletion of Ataxia-
telangiectasia mutated (ATM), a central component of the DNA
repair machinery, resulting in increased antiviral and antibacterial
response in mice due to the aberrant accumulation of cytosolic DNA
(Hartlova et al, 2015; Wang et al, 2020). Furthermore, previous
studies provided evidence that the methylation of DNA, RNA, or
proteins is important for regulating innate immunity (Zhang &
Cao, 2019; Beck et al, 2021; Xu et al, 2021; Zhu et al, 2021). There-
fore, it is conceivable that NRF1 modulates the expression of multi-
ple genes and controls different biological processes in macrophages
simultaneously.

We also identified that TBK1 could phosphorylate NRF1 during
HSV-1 infection. Direct phosphorylation of two NRF1 residues by
TBK1, Ser318 and Ser384 in the trans-activation domain of NRF1,
significantly attenuated TFAM activity. Although VSV also activates
TBK1, a shifting band of NRF1 was not detected in PTMSA after
VSV infection. We speculate that VSV infection may specifically acti-
vate some phosphatases to antagonize TBK1-induced NRF1 phos-
phorylation since another RNA virus, SeV, and another DNA virus,
PRV, both induced the phosphorylation of NRF1 at Ser318. It has
been reported that TBK1 negatively regulates mitochondrial biogen-
esis via phosphorylating and inactivating AMPK in adipose tissue
(Zhao et al, 2018). Here, we illustrate an unrecognized mechanism
for the TBK1-mediated inhibition of the NRF1-TFAM axis, which is
important for maintaining mtDNA stability and physiologically
important to host antiviral defense.

© 2023 The Authors
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In summary, our findings have uncovered a novel role for NRF1-
mediated mitochondrial biogenesis in regulating innate antiviral
immunity. Consistent with this observation, our research suggests
that targeting NRF1 and mitochondrial biogenesis may help develop
an efficient strategy to manipulate the processes of viral infection or
autoimmune diseases.

Materials and Methods
Mice

Mice used for all the experiments were on C57BL/6J background.
Nrf1*/F and Nrf153!84/53184 mjice were obtained from Cyagen Biosci-
ences where they were generated by the CRISPR/Cas9-mediated
genome editing. Lyz2-Cre mice were also provided by Cyagen Biosci-
ences. We hybridized Nrf1/f mice with Lyz2-Cre mice to obtain
myeloid-cell-specific NRF1-deficient (NrfI***®) mice and Nrf1*/* lit-
termates. To create a C57BL/6J mouse model with point mutation
(S318A) at mouse NrfI locus, NRF1 S318A (TCG to GCA) specific
gRNA targeting vector and donor oligo was designed and injected into
fertilized eggs together with Cas9 mRNA for KI mouse production. A
synonymous mutation at NRF1 V317 (GTG to GTT) was also intro-
duced to prevent the binding and recutting of the sequence by gRNA
after homology-directed repair. Homozygous mutation of mouse
NRF1 (S318A) was confirmed by Sanger sequencing. All mice were
maintained in the specific pathogen-free animal facility at the labora-
tory animal center of Nankai University. All animal experiments were
carried out in compliance with the protocols and were approved by
the Institutional Animal Care and Use Committee of Nankai Univer-
sity (2022-SYDWLL-000353). Samples were not blinded.

Peritoneal macrophages

Mouse peritoneal macrophages were isolated from C57BL/6J mice
(6-8 weeks old) 3 days after intraperitoneal injection with the
Brewer thioglycolate medium (3%, BD) and cultured in DMEM
supplemented with 10% FBS.

Cell lines

HEK293T and THP-1 cells were obtained from American Type Cul-
ture Collection. Vero cells were kindly provided by Youjia Cao
(Nankai University). IBMDM cells were kindly provided by Yingli
Shang (Shandong Agricultural University). HEK293T, Vero, and
iBMDM cells were cultured at 37°C under 5% CO, in DMEM
supplemented with 10% FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin. THP-1 cells were maintained in RPMI 1640 medium
containing 10% FBS, 100 U/ml penicillin, and 100 pg/ml strepto-
mycin. THP-1-derived macrophages were differentiated for 24 h
with 100 ng/ml PMA. Cell lines were recently authenticated by
STR profiling and tested for mycoplasma contamination.

Viruses
High titer stock of VSV and HSV-1 was produced in BHK-21 and

Vero cells using seed stocks, respectively. All the viruses were
stocked at —80°C.

© 2023 The Authors
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Plasmids and transfection

The mammalian expression plasmids encoding Flag- or Myc-tagged
wild-type human TBK1 and NRF1 were generated by PCR amplifica-
tion of the corresponding cDNA followed by cloning into pFLAG-CMV-
4 or pcDNA4-TO-Myc-His-B expression vectors. For recombinant His-
NRF1 proteins, NRF1 was cloned into pET28a vector. All NRF1 trunca-
tions and mutations were generated based on the plasmids encoding
wild-type full-length protein. The IFN-f, ISRE firefly luciferase reporter
plasmids, and Renilla luciferase reporter plasmids were kindly pro-
vided by Jun Cui (Sun Yat-sen University, Guangzhou). The TFAM/
NRF1-Luc and TFB1M/NRF1-Luc reporter plasmid was constructed by
inserting promoter regions of TFAM or TFB1M into pGL3-basic vector.
The NF-kB-Luc reporter plasmid was constructed by inserting two-
times-repeated sequence of NF-kB response element into pGL3-basic
vector. The primers used for reporter cloning are listed in Table EVI1.
Polyethylenimine (PEI, Polysciences) transfection reagent was used for
all plasmids transfection. Peritoneal macrophages were transiently
transfected with ISD or poly(I:C) using Lipofectamine 2000 (Invi-
trogen). Transfection of siRNAs into mouse peritoneal macrophages
was performed by using Lipofectamine RNAIMAX (Invitrogen) with
final concentrations at 50 nM (negative control siRNA, RiboBio
siN05815122147; si-m-NRF1_003, RiboBio siB13122495010-1-5; si-m-
Rela_001, RiboBio siB08421165522-1-5).

Reagents and pathogens

Poly(I:C) HMW (tlrl-pic), ISD Naked (tlrl-isdn), and PMA (tlrl-pma)
were purchased from InvivoGen. ISD and poly(I:C) were transfected
into cells and used at a final concentration of 1 pg/ml. CIP (M0290)
was from NEB. MitoSOX (M36008), MitoTracker Green (M7514),
MitoTracker Deep Red (M22426), and LysoTracker (L12492) were
bought from Invitrogen Life Technologies. MitoQ (HY-100116A) and
CsA (HY-B0579) were bought from MedChemExpress. Mouse IFN-f
(439407), IL6 (431307), and TNF-a (430907) enzyme-linked immu-
nosorbent assay (ELISA) Kits were bought from Biolegend.

VSV, Sev, and PRV were kindly provided by Yingli Shang (Shan-
dong Agricultural University). Herpes simplex virus type 1 (HSV-1)
was kindly provided by Youjia Cao (Nankai University).

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of cytokines (IFN-B, IL6, and TNF-a) in cell cul-
ture supernatants and serum were measured using ELISA Kits
(Biolegend) according to the manufacturer’s protocols.

DNA and RNA isolation and real-time qPCR

Purification of cellular DNA was performed by using Cell/Tissue
DNA Kit (Yeasen) according to the manufacturer’s instructions. The
ratio of mitochondrial gene (mtAtp6 in mouse) to nuclear gene (Tert
in mouse) was quantified by qPCR to compare mitochondrial copy
numbers in different cells. Primer sequences were provided in
Table EVI.

Total RNA was prepared using total RNA extraction kit
(Promega). cDNA was generated using a StarScript II First-strand
cDNA synthesis kit (GenStar), and quantitative real-time PCR was
performed using the qPCR SYBR Green Mix (GenStar) and a
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LightCycler96 real-time PCR system (Roche). Quantitation of all tar-
get gene expressions was normalized to the control gene Gapdh in
each individual sample. The 27#2¢ method was used to calculate
relative expression changes. Specific primers used in the qRT-PCR
assay are listed in Table EV1.

Luciferase reporter assay

HEK293T cells were seeded in 24-well plates overnight and then
transfected with luciferase reporter plasmid (200 ng), along with an
internal control vector pRL-TK-Renilla luciferase (10 ng) and other
expression vectors specified in the figures. After 24 h of incubation,
cells were infected with VSV for another 12 h, and luciferase activi-
ties were determined using a Dual Luciferase Reporter Gene Assay
Kit (Yeasen). Relative levels of luciferase activities were normalized
to the levels of Renilla control.

Immunoblotting and immunoprecipitation

For immunoblot analysis, cells were lysed in lysis buffer (150 mM
NaCl, 20 mM Tris, pH 7.4, 1 mM EGTA, 1 mM EDTA, 1% SDS,
2.5 mM sodium pyrophosphate, 1 mM Na;VOy,, and protease inhibi-
tors [Roche]). Equal amounts of proteins were separated by SDS-
PAGE, electro-transferred to nitrocellulose membranes, and blocked
for 1 h with 5% no-fat milk solution, followed by probing with the
indicated antibodies and detection by a chemiluminescence kit
(Engreen Biosystem, 29100). For Immunoprecipitation, cells were
lysed in 0.5 ml IP lysis buffer (150 mM NaCl, 20 mM Tris, pH 7.4,
1 mM EGTA, 1 mM EDTA, 0.5% NP-40, 2.5 mM sodium pyrophos-
phate, 1 mM Na;3;VO,, and protease inhibitors [Roche]) for 1 h on a
rotor at 4°C. After centrifugation at 12,000 g for 15 min, the super-
natants were then subjected to immunoprecipitation using 2 pg spe-
cific antibodies overnight at 4°C, then protein G-agarose beads
(Beyotime, P2053) were added and incubated for 3 h. The beads
were then washed with the lysis buffer for 5 times. Bound proteins
were eluted by boiling with loading buffer for 10 min and analyzed
by SDS-PAGE. The following antibodies and dilutions were used for
immunoblotting: anti-NRF1 (1:1,000, GeneTex, GTX103179), anti-
NRF2-a (1:1,000, Proteintech, 21542-1-AP), anti-PGCl-a (1:1,000,
Merck, ST1202, clone 4C1.3), anti-NDUFB8 (1:1,000, Proteintech,
14794-1-AP), anti-SDHA (1:1,000, Proteintech, 14865-1-AP), anti-
UQCRC1 (1:1,000, Proteintech, 21705-1-AP), anti-COX IV (1:1,000,
Proteintech, 11242-1-AP), anti-ATPB (1:1,000, Proteintech, 17247-1-
AP), anti-mt-CO2 (1:1,000, Proteintech, 55070-1-AP), anti-TFAM
(1:1,000, Proteintech, 22586-1-AP), anti-mt-ATP6 (1:1,000,
ABclonal, A8193), anti-CYCS (1:1,000, BD Biosciences, 556433,
clone 7H8.2C12), anti-TIMM23 (1:1,000, BD Biosciences, 611223,
clone 32/Tim23), anti-HSP60 (1:5,000, BD Biosciences, 611563,
clone 24/HSP60), anti-LC3 (1:1,000, MBL International, PM036),
anti-Calnexin  (1:5,000, Proteintech, 10427-2-AP), anti-TBK1
(1:1,000, Cell Signaling Technology, 3504, clone D1B4), anti-
phospho-TBK1 (Ser172, 1:1,000, Cell Signaling Technology, 5483,
clone D52C2), anti-p65 (1:1,000, Proteintech, 10745-1-AP), anti-
phospho-p65 (Ser536, 1:1,000, ABclonal, AP0475), anti-STATI1
(1:1,000, Cell Signaling Technology, 14994, clone D1K9Y), anti-
phospho-STAT1 (Tyr701, 1:1,000, Cell Signaling Technology, 7649,
clone D4A7), anti-Flag (1:1,000, Sigma-Aldrich, F1804, clone M2),
anti-Myc (1:1,000, Santa Cruz Biotechnology, sc-40, clone 9E10),
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anti-p-ACTIN (1:10,000, Sigma-Aldrich, A5441, clone AC-15), anti-
GAPDH (1:5,000, Proteintech, 10494-1-AP), anti-H2AFX (1:1,000,
Proteintech, 10856-1-AP), anti-a-Tubulin (1:5,000, Utibody, UM4007),
Anti-phosphoserine/threonine (1:1,000, Abcam, ab117253), Anti-
phosphoserine (1:1,000, Abcam, ab9332), Anti-phosphothreonine
(1:1,000, Abcam, ab9337). The polyclonal antibody to phosphorylated
Ser318 of NRF1 was generated by Affinity Biosciences (Jiangsu)
through immunization of rabbits with KLH-peptide (CNPDGTVS(P)
LIQVGT) conjugate. The following antibodies were used for immuno-
precipitation: anti-c-Myc (Santa Cruz Biotechnology, sc-40, clone
9E10), anti-Flag (Sigma, F1804, clone M2), and anti-TBK1 (Cell Signal-
ing Technology, 3504, clone D1B4).

Immunofluorescence microscopy

Cells grown on glass coverslips were treated with various stimuli as
indicated in the figures, then washed with PBS and fixed with 4%
paraformaldehyde for 15 min at room temperature. Cells were then
permeabilized with 0.1% Triton X-100 together with or without
DAPI for 10 min and blocked with goat serum for 1 h. Then, the
cells were incubated with primary antibodies and Alexa-labeled sec-
ondary antibodies (Invitrogen, 1:1,000) with extensive washing.
Slides were then washed three times with PBS and mounted. Immu-
nofluorescence images were obtained using a TCS SP5 Leica confo-
cal microscope or a Zeiss LSM710 confocal microscope. The
following antibodies and dilutions were used for immunofluores-
cence: anti-Prohibitin (1:200, Abcam, ab75766), anti-dsDNA (1:500,
Abcam, ab27156), anti-HSP60 (1:1,000, BD Biosciences, 611563,
clone 24/HSP60), anti-LC3 (1:500, MBL International, PM036).

Flow cytometry

To detect the differentiation and numbers of immune cells in the
spleen and thymus, cells were obtained from 6-week-old Nrf1Mveko
mice and Nrle /F littermates, then washed with ice-cold PBS
containing 1% FBS and incubated with fluorescently labeled anti-
body at 4°C for 30 min in the dark. Cells were then washed and
resuspended in 300 pl ice-cold PBS-FBS and subjected to flow cyto-
metry analysis on a FACS LSRII flow cytometer (BD Biosciences).
FlowJo software was used for data analysis. The following anti-
bodies were used for flow cytometry: PE anti-mouse CD3 (Biole-
gend, 100206, clone 17A2), FITC anti-mouse CD4 (Biolegend,
100405, clone GK1.5), APC anti-mouse CD8a (Biolegend, 100711,
clone 53-6.7), APC/Cyanine? anti-mouse CD19 (Biolegend, 115529,
clone 6D5), PerCP/Cyanine5.5 anti-mouse NKI1.1 (Biolegend,
108727, clone PK136), APC anti-mouse CD11b (Biolegend, 101211,
M1/70), PE anti-mouse F4/80 (Biolegend, 123109, clone BM8). For
analysis of mtROS in mouse PMs after the indicated stimulation,
cells were collected and stained with 5 pM mitoSOX for 20 min at
37°C before flow cytometry. For analysis of mitochondrial status in
mouse PMs after viral infection, cells were collected and stained
with MitoTracker Green (50 nM) and MitoTracker Deep Red
(50 nM) for 30 min at 37°C prior to flow cytometry.

Native PAGE

For analysis of NRF1 dimerization, cells were lysed in native lysis
buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.5% NP-40, and
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100 uM PMSF). Cell lysates were centrifuged at 12,000 g for 10 min
and 15 pg proteins in the supernatant were mixed with 2 x Native
loading buffer (125 mM Tris-HCI, pH 6.8; 30% glycerol; and 0.1%
bromophenol blue) and applied to the native gel at 4°C. 7.5% native
PAGE gel without SDS was prerun with the running buffer (25 mM
Tris-HCl, 192 mM glycine, in the presence of or absence of 1%
deoxycholate in the cathode and anode buffer, respectively) at
40 mA for 30 min. Samples were electrophoresed at 25 mA for
40 min and were transferred to nitrocellulose membranes for immu-
noblotting. For analysis of mitochondrial respiratory complexes,
cells were lysed in 1% digitonin (50 mM HEPES, pH 7.4, 150 mM
NaCl, and 10 mg/ml digitonin). Cell lysates were centrifuged at
12,000 g for 10 min and 15 pg proteins in the supernatant were
mixed with 4x Native loading buffer (Invitrogen, BN20032) for
native PAGE. Native PAGE Bis-Tris Gels (Invitrogen, BN1004BOX)
were used for electrophoresis according to the manufacturer’s
instructions.

Protein purification and in vitro kinase assay

His-NRF1 plasmids were transformed into Escherichia coli strain
BL21, which were induced with IPTG (0.1 mM) at 17°C for 16 h. For
His-NRF1 purification, the cell pellet was collected and resuspended
in binding buffer (20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 4 mM
imidazole, and 1 mM PMSF). After sonication and centrifugation,
the supernatant of the cell lysate was incubated with Ni**-chelating
agarose beads (GE Healthcare). Beads were washed four times with
washing buffer (20 mM Tris-HCI, pH 7.4, 500 mM NaCl, and
20 mM imidazole). Purified proteins were eluted in elution buffer
(20 mM Tris-HCl, pH 7.4, 500 mM NaCl, and 500 mM imidazole),
and then stored at —80°C after dialysis. To detect the phosphoryla-
tion of NRF1 in vitro, immunoprecipitated Flag-TBK1 were incubated
with purified His-NRF1 in TBK1 kinase buffer (25 mM Tris-HCI, pH
7.5, 10 mM MgCl, and 1 mM DTT) containing 100 pM ATP at 30°C
for 30 min. The reaction was stopped by the addition of SDS-loading
buffer and subjected to SDS-PAGE and immunoblot analysis.

Viral infection and plaque assay

HEK293T, THP-1, iBMDM, and PMs (2-5 x 105) were plated 24 h
before infection. Cells were infected with VSV (0.1 MOI), HSV-1 (1
MOI), Sev (200 HAU/ml), and PRV (0.1 MOI) for various times as
indicated in the figures. Viral replication was analyzed by qRT-PCR
assay as described. The sequences of primers are listed in Table EV1.
For plaque assay, the supernatants from cultured cells or tissue lysates
from infected mice were serially diluted and used to infect Vero cells
cultured in 24-well plates. After 1 h of infection, the cells were
washed with PBS twice and cultured in DMEM containing 5% FBS
and 1% methylcellulose for 72 h. Cells were fixed with 4% parafor-
maldehyde for 20 min and stained with 0.1% crystal violet for
20 min. Viral titers were calculated according to the count of plaques.

Viral infection in vivo
For in vivo viral infection, 8-week-old and sex-matched wild-type
and NRFl-mutant mice (myeloid-cell-specific NRF1-deficient or

NRF1 S318A KI mice) were infected with VSV (4 x 10” PFU/mouse)
or HSV-1 (1 x 107 PFU/mouse) by intravenous injection. Cytokine
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production in the sera was measured by ELISA. To measure VSV
titers in the lungs and HSV-1 titers in the brain, snap-frozen tissues
were weighed and homogenized in DMEM. The suspensions were
then centrifuged and the supernatants were collected for plaque
assays. The cytokines expression and viral replication in the lung
and brain were determined by qRT-PCR assay as described. For sur-
vival experiments, mice were monitored for survival after infection
with HSV-1. Lungs from control or VSV-infected mice were dis-
sected, fixed in 10% phosphate-buffered formalin, embedded into
paraffin, sectioned, stained with hematoxylin—eosin solution, and
analyzed by light microscopy for histological changes.

Measurement of cytosolic mitochondrial DNA

Mitochondrial DNA in the cytosolic fraction was detected according
to a previous protocol (Bronner & O’Riordan, 2016). Briefly, cells
were lysed in a mild buffer (50 mM HEPES, pH 7.4, 150 mM NacCl,
and 25 pg/ml digitonin) for 10 min at 4°C. Then, cell lysates were
centrifuged at 980 g for 3 min three times to pellet intact cells. The
first pellet was used for immunoblotting analysis. The cytosolic
supernatants were transferred to fresh tubes and spun at 17,000 g
for 10 min to isolate cytosolic preparations free of mitochondria.
DNA was then purified from these pure cytosolic fractions using
Cell/Tissue DNA Kit (Yeasen). Quantitative PCR was performed to
analyze relative cytosolic mtDNA changes in different samples. The
primers used in this detection are provided in Table EV1.

Quantification of cytosolic mtDNA by immunostaining

Fixed cells were stained with anti-DNA and anti-Prohibitin anti-
bodies to label the mtDNA and mitochondria separately. Images
were acquired on a Zeiss LSM710 confocal microscope. Thirty cells
in each group were analyzed for quantification of cytosolic mtDNA.
mtDNA puncta not surrounded by Prohibitin was considered as
cytosolic mtDNA. The number of cytosolic mtDNA in control or
experimental groups was then normalized.

RNA-seq analysis

Mouse peritoneal macrophages were isolated and infected with VSV
for 8 h. Total RNA was prepared with RNA extraction kit and
subjected to commercial RNA-seq analyses (Novogene) on an
[llumina-HiSeq 4000 Sequencer with 150-bp paired-end reads. Reads
were aligned to mouse genome mm10 using HISAT2. Bam files were
sorted and indexed in SAMtools. Quantification and normalization
were performed in StringTie. Differentially expressed genes (DEGs)
were identified using the DESeq2. Genes with a Log, (fold change)
> 0.5 and adjusted P value < 0.05 (as labeled in the figure captions)
were considered to be significantly differentially expressed. Pathway
enrichment analysis of DEGs was analyzed using the GO database
and shown in Table EV2.

Electron microscopy

For ultrastructural analysis, mouse peritoneal macrophages infected
with or without viruses were fixed with 2.5% glutaraldehyde in
0.1 M phosphate buffer (PB) (pH 7.4) for 15 min at 4°C. After wash-
ing with PB buffer for three times, cells were postfixed in 1% OsO4
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prepared using 0.1 M PB for 2 h at 4°C. After three washes in PB
buffer, cells were dehydrated with graded series of cold ethanol (30,
50, 70, 80, 85, 90, 95, and 100%) and infiltrated sequentially in 2:1
(v:v) acetone/epoxy resin (8 h), 1:1 (v:v) acetone/epoxy resin
(overnight), 100% fresh epoxy resin (8 h) at 37°C, and finally 100%
fresh epoxy resin (48 h) at 60°C for polymerization. Ultrathin sec-
tions were then stained with uranyl acetate and lead citrate and
observed using a Hitachi TEM operated at 80 kV.

EMSA

Nuclear extracts were prepared by using nuclear and cytoplasmic
extraction kit (Beyotime Biotechnology, P0027) according to the
manufacturer’s instructions. Biotin-NBE (NRF1 binding element)
probe (5'-biotin-TACGCTCTCCCGCGCCTGCGCCAATTCCGCC-3', double-
stranded) and biotin-NBE mutant probe (5'-biotin- TACGCTCTCCG
AAAATGAAAACAATTCCGCC-3', double-stranded) were synthesized.
Nuclear extracts and DNA probe were incubated at room temperature for
20 min in a mixture containing 10 pg nuclear extract, 5x gel shift binding
buffer, and 100 fmol biotin-labeled probe. Reaction products were
subjected to electrophoresis with native PAGE gel and transferred to
IMMOBILON-NY" membrane. The membrane was sequentially incu-
bated with a blocking buffer for 1 h, followed by probing with
streptavidin-horseradish peroxidase and detection by a chemilumines-
cence staining kit.

Seahorse

The oxygen consumption rate (OCR) was measured using the
Seahorse XFe24 FluxPak (102342-100, Agilent) and the Seahorse
XFe Analyzer (Agilent). 5 x 10* PMs were cultivated in XFe24
microplates for 24 h and then stimulated with or without VSV.
Before the analysis, DMEM was replaced with XF base medium
supplemented with 25 mM glucose, 2 mM glutamine, and 1 mM
sodium pyruvate. Cells were then incubated in CO,-free conditions
for 1 h at 37°C, followed by the sequential addition of 1 pM Oligo-
mycin, 4 pM FCCP and 1 pM Rotenone. The basal OCR was calcu-
lated by the last rate measurement before injection minus the
nonmitochondrial respiratory rate. The maximal OCR was calcu-
lated by the maximal rate measurement after FCCP injection minus
the nonmitochondrial respiratory rate.

Statistics

For graphs, all data were analyzed using Microsoft Excel 2019 or
GraphPad Prism 8. Statistical analyses were conducted with a two-
tailed unpaired Student’s t-test. Survival curves were compared using
the two-tailed log-rank test. All data represent the mean + s.e.m of
three independent experiments/samples unless otherwise specified.
P < 0.05 was considered statistically significant.

Data availability

RNA-Seq data: Gene Expression Omnibus GSE218960. Source data
are provided in this paper.

Expanded View for this article is available online.
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